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Abstract
Since the first integrated circuits in the late 1960’s, a constant improvement of their perfor-
mances could be reached by scaling down the metal oxide semiconductor field-effect transistors
(MOSFETs). However, downscaling of MOS transistors has reached its physical limits: the gate
oxide is only composed of a few atomic layers, leakage currents are increasing and the short
channel effects degrade device properties. These are the reasons why new integration concepts
need to be developed to replace silicon based nanoelectronics. One of these concepts involves
carbon nanotube field-effect transistors (CNTFETs). The active part of CNTFETs, i.e., the chan-
nel, is formed by a semiconducting single-walled carbon nanotube (SWNT), the growth of which
represents one of the great challenges of CNT technology. Most publications on this topic report
on a separate growth of nanotubes, either by arc discharge or laser ablation. These methods
are not suitable for the fabrication of a large number of devices because they often require
complicated manipulation and assembly after growth. Due to the improper growth method,
state-of-the-art CNTFETs are mostly only single prototypes. Data on fabrication process suitabi-
lity (e.g. time, costs), device reproducibility and reliability or yield are not available. However,
a candidate for replacing MOSFET should not only have better performances but it should also
be possible to produce it in large quantities to allow integration on a very large scale, i.e., bil-
lions of transistors on one wafer. Improving the knowledge of the scientific community on the
feasibility of large scale fabrication of carbon nanotube devices constitutes the major motivation
of this PhD work.
The primary aim of this PhD work is the development of a CMOS compatible fabrication
process for CNTFETs which allows large scale production of good quality devices within a rea-
sonable time. For this, an in situ growth method for SWNTs has been developed, based on
the catalytic chemical vapor deposition (CCVD) of carbon from methane. In situ means that the
SWNTs directly grow in their final position on the wafer. The controlled growth of 1 nm diameter
SWNTs by CCVD on oxidized silicon substrates covered by a catalytic layer composed of nickel
on aluminum has been demonstrated. All SWNT diameter and density measurements have
been performed by AFM, which has been found to be a very useful method for non-destructive
geometrical and structural characterizations of SWNTs at the nanometer scale. To the best of
our knowledge, successful conductive-AFM (C-AFM) measurements have been performed on in
situ connected SWNTs for the first time worldwide. This allows clear overviews of SWNTs and
structures also on rough underlayers, which are impossible with the traditional AFM due to the
nanometer size of the SWNTs.
The in situ growth of SWNTs has been integrated into a novel fabrication process for palladium-
contacted and PMMA (polymethyl methacrylate) passivated CNTFETs, which only requires one
lithography step, avoiding any misalignment problems. The major novelty of the process con-
sists in the introduction of a sacrificial catalyst, which is evaporated on the whole wafer surface.
This catalyst is composed of a well-optimized Ni/Al bilayer, which catalyzes the growth of 1 nm
diameter SWNTs and simultaneously transforms itself into an insulator (aluminum oxide cov-
ered with nickel nanoclusters) during the high temperature growth process, so that there is no
need to structure the catalyst after deposition. The definition of the Pd source and drain regions
as well as the passivation of the channel region occur simultaneously after the SWNT growth
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step by means of a single optical lithography step. The novel self-aligned fabrication process
developed in this PhD thesis allows the simultaneous fabrication of approximately 1,000 tran-
sistors on one wafer (2”). Further optimization of the lithography layout could easily multiply
this number. When comparing to the often practiced production of CNTFETs with external
growth of SWNTs and subsequent coating or placement, this process based on the in situ growth
method is more reliable and time-saving. It also reduces the risk of contamination of SWNTs,
which leads to better device performance.
The suitability for mass fabrication of this process has been verified on more than 15,000
devices. Extended yield statistics on 700 devices have been performed, leading to the result
of 41% of fully functional high on/off ratio devices within all measured devices. Optimization
of the device geometry, e.g. reduction of the effective channel length, should further improve
the yield drastically. Approximately 100 devices have been completely evaluated, i.e., complete
sets of electrical device characteristics have been recorded and analysed to perform statistics on
device performance and reliability. The devices exhibit promising electrical parameters, e.g. on-
currents up to 6 mA/µm and on/off ratios up to 2.6×107, already at a very low drain source bias
of -400 mV. Such a low-voltage low-power technology is compatible with mobile applications.
Moreover, the PMMA passivation increases the life time from some weeks to several years.
The well-known hysteresis-effect in CNTFET electrical characteristics has been found to be
a stable and reproducible phenomenon. It most likely originates from electron trapping and
detrapping in the underlaying sacrificial oxide, i.e., the aluminum oxide. Due to their charge
storing properties, CNTFETs are very suitable candidates to be used in memory applications.
The operation as memory cells of the CNTFETs fabricated within this work has been tested ex-
tensively. As a result, the current ratio at the reading voltage between the logical “1” level (high
current) and the logical ”0” (low current) is up to 106, which is, to the best of our knowledge,
the highest current ratio of logical levels ever published for CNT memory cells. The “0” and “1”
current levels are temporally stable indicating the possibility for non-volatile memory usage.
This PhD work clearly attests to the potential for large scale manufacturing of good quality
CNTFETs for future industrial applications. Moreover, the process is also a remarkable technol-
ogy platform for research on CNT electronics because a large number of devices can be realized
easily and in a short time. This opens the possibility to investigate the influence of numerous
fabrication parameters or environmental impacts on CNTFET electrical characteristics and re-
liability. Lastly, the suitability of CNTFETs used as sensors, e.g. infrared-sensors, gas-sensor
or bio-sensors, could be easily investigated in the future using the CNTFET fabrication process
developed within this work.
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Kurzfassung
Seit der Herstellung der ersten integrierten Schaltung Ende der sechziger Jahre wurde durch
geometrische Skalierung die Effizienz der Metall-Oxid-Feldeffekttransistoren (MOSFETs) kon-
tinuierlich verbessert. Heute sind die physikalischen Grenzen dieser Skalierung erreicht: die
Dicke des Gate-Oxids beträgt nur noch wenige Atomlagen, Leckströme erhöhen sich zuneh-
mend und Kurzkanal-Effekte lassen Bauelementeigenschaften degradieren. Daher ist die Ent-
wicklung neuer Integrationskonzepte notwendig, um die auf Silizium basierende Nanoelektro-
nik zu erweitern oder sogar zu ersetzen. Eines dieser Konzepte besteht aus der Verwendung
von Kohlenstoff-Nanoröhrchen-Feldeffekttransistoren (CNTFETs). Der aktive Teil der CNTFETs,
d. h. der feldgesteuerte Bereich für den Ladungstransport zwischen Source und Drain, auch Ka-
nal genannt, wird von einem halbleitenden einwandigen CNT (single-walled carbon nanotube,
SWNT) gebildet. Das Wachstum geeigneter SWNTs repräsentiert eine der größten Herausfor-
derungen der CNT-Technologie. Die meisten veröffentlichten Herstellungsmethoden sehen ein
getrenntes Wachstum von Nanoröhrchen, entweder durch Bogenentladung oder Laserablation,
vor. Diese Herstellungsprozesse sind aber nicht für die Großintegration geeignet, da sie eine
externe Manipulation und Montage der SWNTs nach dem Wachstum erfordern. Da die so her-
gestellten CNTFETs somit nur einzeln als Prototypen verfügbar sind, sind in der Literatur auch
keine Daten über die großtechnische Verwendbarkeit dieser Herstellungsprozesse hinsichtlich
Prozesszeit, Kosten, Reproduzierbarkeit sowie Zuverlässigkeit der Bauelemente und Ausbeute
angegeben. Produktionsansätze, die in der Zukunft die Silizium-basierte CMOS Technologie ab-
lösen wollen, sollten nicht nur eine bessere Performanz aufweisen, es muss außerdem möglich
sein, die Bauelemente in größeren Mengen zur Großintegration mit Milliarden von Transistoren
auf einem Wafer herzustellen. An dieser Stelle setzt diese Arbeit an und erforscht die Möglich-
keit der Großserienproduktion von CNTFETs.
Das Hauptziel dieser Doktorarbeit ist die Entwicklung eines CMOS-kompatiblen Herstellungs-
prozesses für CNTFETs, der eine Großserienproduktion von Bauelementen guter Qualität in
einer akzeptablen Produktionszeit ermöglicht. Dafür wurde eine in situ Wachstumsmethode
für SWNTs entwickelt, die auf der katalytisch-chemischen Gasphasenabscheidung (CCVD) von
Kohlenstoff aus Methan basiert. In situ bedeutet, dass die SWNTs direkt auf dem für sie vor-
gesehenen Platz auf dem Wafer aufgewachsen werden. Der Katalysator besteht aus Nickel auf
Aluminium. Durch eine Optimierung der Metallschichtdicke (bis herab zu 0,9 nm) wurde das
kontrollierte Wachstum von SWNTs mit 1 nm Durchmesser demonstriert. Untersuchungen der
SWNT-Durchmesser und -Dichten wurden mittels Rasterkraftmikroskopie (Atomic Force Micros-
copy, AFM) im Nanometer-Bereich zerstörungsfrei durchgeführt. Außerdem wurde im Rahmen
dieser Arbeit weltweit erstmals die Leitfähigkeits-Rasterkraftmikroskopie (Conductive AFM, C-
AFM) zur Messung von in situ kontaktierten SWNTs angewendet. Diese Methode erlaubt eine
eindeutige Identifizierung der SWNTs und den angrenzenden Strukturen auch auf rauen Unter-
lagen. Dies ist mit dem konventionellen, topographischen AFM nicht möglich, wenn die Rauheit
der Unterlage größer als der Durchmesser der SWNTs (ca. 1 nm) ist.
Der in situ Wachstumsprozess der SWNTs wurde in einem neuartigen Herstellungsverfahren
für Palladium-kontaktierte und PMMA (Polymethylmethacrylat) passivierte CNTFETs integriert,
das lediglich einen einzigen Lithographie-Schritt benötigt und somit Maskenjustageprobleme
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vollständig vermeidet. Die wesentliche Neuerung des entwickelten Prozesses ist die Verwen-
dung eines Opfer-Katalysators. Dieser besteht aus einer Ni/Al-Doppelschicht, welche ganzflä-
chig aufgebracht und im Gegensatz zu anderen Verfahren anschließend nicht strukturiert wird.
Daher findet das Wachstum der SWNTs ganzflächig statt. Durch präzise Optimierung der Me-
talldicke katalysiert die Ni/Al-Doppelschicht das Wachstum von SWNTs mit 1 nm Durchmesser
und wird gleichzeitig während des Hochtemperaturwachstumsprozesses in einen Isolator (mit
Ni-Nanopartikeln bedecktes Aluminiumoxid) umgewandelt. Dadurch werden Kurzschlüsse zwi-
schen den nachfolgend strukturierten Source- und Drain-Elektroden vermieden. Die Struktu-
rierung der Palladium-Source- und Drain-Elektroden, sowie die Passivierung der Bauelemente
werden zeitgleich mittels eines einzigen Lithographie-Schrittes durchgeführt. Der in dieser Ar-
beit entwickelte neuartige selbstjustierte Herstellungsprozess erlaubt die parallele Herstellung
von etwa 1.000 Transistoren auf einem Wafer (2”). Eine Optimierung des Layouts könnte diese
Zahl vervielfachen. Verglichen mit der oft benutzten Herstellung von CNTFETs mittels externem
SWNT-Wachstum und anschließender manueller Manipulation, ist der hier entwickelte Prozess
zuverlässiger und schneller. Außerdem reduziert er das Risiko der Kontamination der SWNTs,
und verbessert so die elektrische Performanz der Bauelemente.
Die Brauchbarkeit des Prozesses für die Massenfertigung wurde mit der Herstellung von mehr
als 15.000 CNTFETs demonstriert. Ausführliche Statistiken über die Ausbeute wurden auf Basis
von 700 Bauelementen erhoben. Der Anteil voll funktionsfähiger CNTFETs mit hohem On/Off-
Stromverhältnis beträgt 41%. Eine zukünftige Optimierung der Geometrie der Teststrukturen,
beispielsweise durch Verkürzung der Kanallänge, soll die Ausbeute noch weiter verbessern. An-
nähernd 100 CNTFETs wurden im Rahmen der Arbeit vollständig charakterisiert, indem eine
Vielzahl elektrischer Eigenschaften gemessen und analysiert wurde, um statistisch belastbare
Aussagen über Bauelementperformanz und -zuverlässigkeit zu erhalten. Schon bei einer sehr
niedrigen Drain-Source-Spannung von -400 mV zeigen die Bauelemente mit einem On/Off-
Verhältnis von bis zu 2.6×107 und einem On-Strom von bis zu 6 mA/µm sehr gute Eigenschaf-
ten, so dass hierdurch die entwickelte Technologie für mobile low-power Anwendungen nutzbar
ist. Die zusätzliche Passivierung der CNTFETs mit PMMA erhöht deren Lebensdauer von weni-
gen Wochen auf mehrere Jahre.
Durch weitere Untersuchungen konnte der aus der Literatur bekannte Hysterese-Effekt in der
Transferkennline eines CNTFET als konstantes und reproduzierbares Phänomen bestätigt wer-
den. Als wahrscheinlichste Ursache der Hysterese erwies sich hierbei, dass Elektronen im Alumi-
nium Oxid (Teil des Opfer-Katalysators) eingefangen und wieder freigesetzt werden. Aufgrund
des Ladungseinfangs erscheinen CNTFETs für Speicheranwendungen sehr geeignet zu sein. Die
Funktionsfähigkeit der CNTFETs als Speicherzellen wurde ebenfalls in dieser Arbeit untersucht.
Das Verhältnis zwischen logischer “0” und “1” beträgt bis zu 106. Dies ist, soweit bekannt, das
höchste, je veröffentlichte Stromverhältnis zwischen logischen Zuständen für CNT Speicherzel-
len. Die “0” und “1” Zustände sind zeitlich stabil, sodass eine Nutzung der Bauelemente als
nichtflüchtige Speicher möglich erscheint.
Die Ergebnisse dieser Arbeit zeigen das eindeutige Potential der CNT-Technologie für eine
Großserienherstellung von hochwertigen Bauelementen für zukünftige industrielle Anwendun-
gen. Mit dem hier vorgestellten Prozess kann eine große Zahl an Bauelementen auf einfache
Weise hergestellt werden. Hiermit steht nun eine Technologie-Plattform für die zukünftige CNT-
Forschung zur Verfügung, die es gestattet, sowohl den Einfluss zahlreicher Herstellungs- als auch
Umweltparameter auf die elektrischen Eigenschaften der CNTFETs zu untersuchen. Schließlich
können CNTFETs auch in anderen Anwendungen mittels des in dieser Arbeit entwickelten Her-
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stellungsverfahrens eingesetzt und untersucht werden. Als Beispiele für weitere Forschungsge-
biete sind die Untersuchung der CNTFETs als Infrarot-Detektoren, Gas- oder Bio-Sensoren zu
nennen.
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Chapter 1
Introduction
1

Since the first integrated circuits in the late 1960’s, a constant improvement of their perfor-
mances could be reached by scaling down the metal oxide semiconductor field-effect transistors
(MOSFETs). The down scaling is predicted by the well-known Moore’s law, which enunciates
that the number of devices on a chip should double every 18 months. At the same time, the
speed should increase whereas the cost should decrease. However, downscaling of MOS tran-
sistors has reached its physical limits: the gate oxide is only composed of a few atomic layers,
leakage currents are increasing and the short channel effects degrade device properties. These
are the reasons why new integration concepts need to be developed to replace silicon based
nanoelectronics.
Carbon nanotubes are hollow cylinders of hexagonal arranged carbon atoms. Single-walled
carbon nanotubes (SWNTs), which are composed of a single cylinder, can be metallic or semi-
conducting depending on their structure. Semiconducting SWNTs can act as the channel in
a new generation of FETs, the so-called carbon nanotube field-effect transistors (CNTFETs).
CNTFETs are acknowledged as a possible replacement of traditional MOSFETs in the comple-
mentary metal oxide semiconductor (CMOS) technology to develop advanced logic circuits, so
that Moore’s law can still be followed in the future. CNTFETs belong to the so-called molec-
ular electronics, which also include all devices based on silicon nanowires or other kinds of
nanotubes (e.g. boron nitride). The approach of molecular electronics differs from the conven-
tional electronics manufacture. Indeed, the conventional technology is based on the top-down
approach, i.e., macroscopic silicon wafers are structured to obtain billions of tiny devices, which
are constantly miniaturized year after year. Molecular electronics uses the bottom-up assembly
principles, i.e., tiny molecules are taken as basis of the structure to build the device.
However, a candidate for replacing the MOSFET should not only have better performances
but it should also be possible to produce it in large quantities to allow integration on a very
large scale, i.e., billions of transistors on one wafer. Most of the CNTFETs have been described
as being fabricated by manually placing the nanotubes on the wafer, either only by spin coating
or by nanomanipulation, for instance via atomic force microscopy (AFM). Nanomanipulation is
probably incompatible with large scale fabrication.
The primary aim of this PhD work is the development of a CMOS compatible fabrication
process for CNTFETs which allows large scale production of devices within a reasonable time.
For this, an in situ growth method for single-walled carbon nanotubes (SWNTs) is chosen, based
on chemical vapor deposition (CVD) of carbon from methane. The quality of the process should
be tested in terms of device performance but also in terms of yield. In fact, many reports are
available on advanced nanotube devices with high performances, but only very few descriptions
can be found on large scale integration of carbon nanotubes enhanced with statistics on yield
and device reproducibility. The second aim of this work is the evaluation of CNTFETs as eventual
replacement for MOSFETs, as well as the investigation of other applications of CNTFETs to be
used in integrated circuits.
This dissertation starts with an introduction on carbon nanotube basics (chapter 2): their
discovery, the structure of SWNTs, CNT synthesis, applications and finally, the description of
CNTFET operation. This part is followed by three chapters on experiments and results. The first
one, chapter 3, deals with the in situ growth method of SWNTs developed within this PhD work
as well as its associated characterization method based on atomic force microscopy. Chapter 4
describes the development of a novel self aligned fabrication process for palladium contacted
and PMMA passivated CNTFETs based on the in situ growth of SWNTs. Chapter 5 provides a
detailed statistical evaluation of this process in view of several future applications of CNTFETs in
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industrial practice. Chapter 6 summarizes the results presented in this dissertation and gives an
outlook of the future work which can be performed on the basis of this PhD to further improve
the performance and understanding of SWNTs and SWNT in situ growth.
4 Chapter 1. Introduction
Chapter 2
CNT basics and theoretical
considerations
5

Carbon nanotubes (CNTs) are hollow cylinders made exclusively of carbon atoms. Since their
length, in the micrometer range, is much larger than their diameter (a few nanometers), CNTs
can be considered as one-dimensional molecules. This chapter starts with the discovery of CNTs
(section 2.1). Then, as this PhD work focuses only on single-walled carbon nanotubes (SWNTs),
an introduction on SWNTs is given, summarizing their physical and electronic structures, their
electrical properties and their synthesis methods (section 2.2). Subsequently, the electrical op-
eration of carbon nanotube field-effect transistors (CNTFETs) is described, based on several
theoretical studies reported in literature as well as on the most relevant experimental results
published within the scientific community on these novel devices (section 2.3). The next sec-
tion (section 2.4) gives a short overview on the numerous possibilities of integrating carbon
nanotubes in electronic devices. Finally, a conclusion of this chapter is given, as well as the
motivation for this PhD work.
2.1 Discovery of carbon nanotubes
In scientific literature, the experimental discovery of carbon nanotubes is usually attributed
to the Japanese researcher Sumio Iijima from NEC in 1991 [1]. However, the first report on
carbon nanotubes dates back to 1952 and was published in the Soviet Union (see Fig. 2.1a)
[2]. As it was written in Russian, the report remained unknown for the rest of the world.
(a)
© 1991 Nature Publishing Group
(b)
Figure 2.1: (a) SEM micrograph of CNTs taken from [2]. Probably the first published image of a CNT.
Magnification 20000. (b) Famous HRTEM micrograph of MWNTs published by Iijima in 1991
[1].
Carbon nanotubes were probably produced even before 1952 but their unique one-dimensional
structure combined with a size in the nanometer range could only be observed under a high
resolution transmission electron microscope (HRTEM). In 1971, S. Iijima developed one of the
world’s first HRTEM at the Arizona State University in USA and was able to see the atomic
structure of metal [3]. Ten years later, by working on different carbon materials, he saw onion-
shaped carbon structures in carbon soot obtained from an arc discharge without giving more
attention to them. In 1985 Kroto et al. reported on these new structures [4]. The so-called
buckminsterfullerene are stable football-like clusters of 60 carbon atoms, with 12 pentagons
and 20 hexagons (see Fig. 2.3 in the next section). Harold W. Kroto, Richard E. Smalley, and
Robert F. Curl received the Nobel prize in chemistry in 1996 for the discovery of the fullerenes.
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After the publication by Kroto et al., the interest in carbon nanostructures increased and S.
Iijima started working again on them at NEC in Japan. He was trying to obtain pictures of
the C60 nanomolecules with the HRTEM when he observed in 1991, for the first time the shell
structures of multi-walled carbon nanotubes (MWNT) (see Fig. 2.1b) [1].
In Iijima’s pictures, several concentrically arranged shells could be recognized so that the dis-
covery of carbon nanotubes with only one shell, the so-called single-walled carbon nanotubes
(SWNTs), was just a question of time. Physical and electronic properties of SWNTs has already
been calculated by three separated groups, two in USA [5, 6] and one in Japan [7] even be-
fore SWNTs had been observed for the first time. Two years later, simultaneously with IBM
researchers (see Fig. 2.2b) [8], Iijima and Ichihashi published their observations of SWNTs (see
Fig. 2.2a) [9]. From this moment on, the interest and the enthusiasm for carbon nanotubes in all
scientific areas such as electronics, sensor technology, material science, chemistry and biology,
began and is nowadays still growing.
© 1993 Nature Publishing Group
(a)
© 1993 Nature Publishing Group
(b)
Figure 2.2: Simultaneous discovery of SWNTs from (a) Iijima et al. [9] and (b) Bethune et al. [8]
2.2 Introduction to single-walled carbon nanotubes
SWNTs, carbon nanotubes with only one shell, excite considerable interest in the scientific
community because of their particular characteristics. Similar to MWNTs, they are very robust
due to the C-C bond, one of the strongest bonds in nature. However, they are even more one-
dimensional as their diameter is only approximately 1 nm, whereas their length, typically in the
µm to mm range, can reach several cm [10]!
2.2.1 Diameter
The question of the thinnest stable SWNT was clarified in the theoretical calculations of
Sawada and Hamada in 1992 [11]. They predicted that the minimum diameter for an ener-
getic stable SWNT is about 0.4 nm. The experimental observation of the smallest SWNT is a
disputed topic, because SWNTs with a diameter of 0.4 nm are the ultimate one-dimensional
molecule. In 2000, Qin et al. demonstrated a HRTEM micrograph of a MWNT whose innermost
shell measures 0.4 nm [12]. At the same time, Wang et al. published a HRTEM micrograph of
porous zeolite single crystals which contain a SWNT with a visible diameter of 0.42 nm in their
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center [13]. The simple measurement method which both groups used, namely a direct geo-
metrical measurement on a HRTEM micrograph, is questionable because they could not exactly
identify the chirality of their nanotubes (see subsection 2.2.2) to confirm the diameter. Maybe
these nanotubes were much wider than claimed. Very recently, DWNTs (double-walled carbon
nanotubes) with innermost shells of 0.3 - 0.4 nm could be unambiguously observed experimen-
tally by HRTEM [14]. To this day, no one has been able to observe an individual SWNT (i.e., not
encapsulated into another structure) with a diameter of 0.4 nm. Typical diameters of SWNTs
grown by different methods which can be found in literature range between 0.7 nm and 3 nm.
SWNTs which are energetically the most stable, have a diameter of 1.4 nm. Nanotubes with a
diameter greater than 2.5 nm are most likely DWNTs rather than SWNTs for energetic reasons.
2.2.2 Crystalline structure
A crystal is a material in which atoms are placed in a highly ordered structure. The crystalline
structure of SWNTs has to be imagined as the hexagonal honeycomb lattice of graphene (i.e., a
single layer of graphite) which is rolled up (see Fig. 2.3). This lattice is only composed of carbon
  
  
  
Graphene - 2D
C    Fullerene - quasi 0D
Nanotube - quasi 1D
60
Graphite - 3D
 
Figure 2.3: Different forms of carbon with an hexagonal lattice. All points represent a carbon atom.
Fullerenes can be considered as quasi zero dimensional structures due to their comparatively
tiny size: The C60 molecule represented here has a diameter of only 0.7 nm [4].
atoms. To understand carbon bonding in SWNT lattice, the electronic structure of carbon atoms
should first be described.
In free atoms, the energy of electrons can only take discrete values, called energy levels or
states. Quantum mechanics treats electrons as waves and particles. It describes the energy
states which are allowable to an electron in an atom, and the probability for an electron to
occupy one given energy state when no extern energy is applied to the atom. Atomic orbitals
represent the probability distribution of an electron in an atom or molecule.
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A carbon atom exhibits six electrons, which can occupy the atomic orbitals with the lowest
energies: 1s, 2s and 2p. Two of the six electrons are core electrons (1s orbital). In the lowest
energy state of carbon atoms, two valence electrons occupy the 2s orbital and the two other
valence electrons occupy the 2p orbital (see Fig. 2.4 top left). However, the energy of the 2p
Figure 2.4: Occupation of the atomic orbitals of carbon and sp2 hybridization.
and 2s orbitals are almost identical. In the crystalline phase, carbon atoms form an excited state
by promoting one of the 2s electrons into an empty 2p orbital so that not only two but four
electrons are available for bonding (note that electrons in full orbitals, i.e., occupied by two
electrons, cannot form bonds). From this excited state, i.e., one electron in the 2s orbital and
three in 2p orbitals (2px , 2py and 2pz) (see Fig. 2.4 center), orbital hybridizations can occur,
i.e., orbitals mix with each other. Orbitals have three possibilities to combine: either the 2s
orbital mixes only with one 2p orbital, they form then the so-called sp hybridization, or the 2s
orbital mixes with two (or three) 2p ones, they then form the sp2 (or sp3) hybridization.
In the case of graphene (single carbon sheet, see Fig. 2.3 bottom left) or graphite (plenty of
graphene sheets on top of each other bounded with weak Van der Waals forces, see Fig. 2.3
right), the 2s electron of carbon forms sp2 hybridization with both the 2px and the 2py electrons
(see Fig. 2.4 right column). These resulting three electrons located in sp2 hybrid orbitals can
form bonds with sp2 electrons of three neighbor carbon atoms, called σ bonds, i.e., overlap of
two sp2 orbital cone ends. All the orbitals try to obtain as much space as possible, which leads
to the planar structure of sp2 hybridized carbon based materials, with an angle of 120° between
three consecutive atoms. The remaining 2p electron of each atom occupies the non-hybridized
2pz, which is perpendicular to the σ bonds plane. The 2pz electrons also form bonds between
carbon atoms, however, the overlap of the orbitals occurs side-by-side. Consequently, these
bonds, called pi bonds, are not as strong as the σ bonds. They form a delocalized pi network
which is responsible for electronic transport (see Fig. 2.5).
In carbon nanotubes, the sp2 hybridization, as related in graphene and graphite, is predom-
inant whereas the sp3 hybridization also exists due to quantum confinement and topological
constraints created by the CNT tubular form [15]. The fraction of sp3 hybridization increases
with a decreasing CNT diameter.
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Figure 2.5: σ and pi bonding of carbon by graphite, graphene and carbon nanotubes.
“Hexagonal honeycomb” is sufficient to describe entirely the structure of graphene. Unlike
this, the structure of SWNTs has to be more precisely specified, as there are many ways to roll up
the honeycomb lattice. Only two integers, typically called (n,m) are enough to describe entirely
the structure of one SWNT. They represent a node within the graphene lattice. This description
appeared for the first time in the publication of Hamada et al. from NEC Corporation in Japan
[7]. The origin of the hexagonal lattice of graphene (i.e., the point with (0,0) as coordinates)
must be arbitrarily chosen and two unit vectors need to be defined. The definition of Hamada et
al. is somewhat different than the one used nowadays by the scientific community. Hamada et
al. used vectors which make an angle of 120°. Today, an angle of 60° is more common. For the
sake of clarity, the definition used in this work is based on unit vectors making an angle of 60°,
called −→a1 and −→a2 (see Fig. 2.6). The two integers (n,m) are brought together in the so-called
chiral vector: −→
C = n−→a1 +m−→a2 (2.1)
The nanotube is virtually formed by the rolling up of the graphene sheet along the direction
perpendicular to the direction of the chiral vector. The length of the chiral vector corresponds to
the circumference of the nanotube, given in 2.2, where aC−C is the carbon-carbon bond length,
aC−C=1.44 A:
circumf erence =
p
3aC−C
p
n2+mn+m2 (2.2)
The diameter of the nanotube is given in equation (2.3):
dSWNT =
circumf erence
pi
=
p
3aC−C
p
n2+mn+m2
pi
(2.3)
The picture of rolling up the graphene sheet is very helpful to understand the SWNT structure
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Figure 2.6: Example of armchair SWNT (left) and zigzag SWNT (right).
but does not describe the way SWNTs are formed in reality during their growth process. SWNTs
grow from the beginning using the first carbon atoms as tubes.
2.2.3 Metallicity
The Japanese researchers Hamada et al. did not only show how to describe precisely any
SWNT, they also classified them into three groups according to their symmetry, computed the
band structure of some examples of SWNTs and developped a theory on their metallicity [7].
Their results, true for all SWNTs expect for SWNTs with very small diameters, are reported
below.
SWNTs can be classified into three groups according to their geometry: the armchair, the
zigzag and the chiral SWNTs. Armchair SWNTs have both integers equal to each other. In this
case two opposite C-C bonds are perpendicular to the SWNT axis (see Fig. 2.6 left). Zigzag
SWNTs have one of both integers equal to 0. In this case two opposite C-C bonds are parallel to
the SWNT axis (see Fig. 2.6 right). Chiral SWNTs represent all the other possible combinations
of (n,m). Chiral SWNTs do not have any C-C bonds which are parallel or perpendicular to the
tube axis. SWNTs can also be classified into three other groups, this time according to their
electrical properties. Indeed, one of the most interesting but also complicated feature of SWNTs
is that even a minor change in the diameter can imply a major change in the metallicity, i.e., a
SWNT can become a metal, a quasi-metal or a semiconductor. For all SWNTs expect for SWNTs
with very small diameters (see next section), the two integers also enable to ascertain the SWNT
metallicity.
To understand the metallicity of SWNTs, their electronic band structure need to be computed.
A short history on the discovery of the SWNT band structure is given below whereas the major
results of its computation are summarized in the next subsection.
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Mintmire et al. reported first on the calculation of the band structure of one SWNT [6]. How-
ever, their results gave only the electronic structure of one special case of SWNTs, namely the
(5,5) armchair SWNT. Using two different methods of calculation, they demonstrated that this
SWNT is metallic. The important result is that the conductivity is shown to be very high, compa-
rable to conventional metals (∼ 1022 cm−3) and much higher than the conductivity of graphite
(∼ 1018 cm−3). Armchair SWNTs are a very good conductive material at room temperature
even without doping. Several months later, Hamada et al. also computed the band structure
of several examples of SWNTs [7], as already mentioned. For this, they first determined the
atomic relaxation of the carbon atoms in SWNTs. Atomic relaxation of carbon occurs in SWNTs
as opposed to the ideal structure of graphene because of the non-symmetry caused by the cur-
vature of the tubes. Indeed, the σ bonds parallel to the axis of the tube are different to the
bonds which are perpendicular or tilted to the tube axis. This difference is absent in graphene
because it is a planar structure. The non symmetry of parallel and perpendicular bonds by
SWNTs causes stress on atoms. The relaxed structure is obtained after the atoms moved so that
there is no stress anymore on them. Hamada et al. calculated this atomic relaxation by using
the calculations of Tersoff on the interatomic potential of carbon [16]. They then applied the
tight-binding model to compute the band structure of several SWNTs (see subsection 2.2.4).
As a result, they demonstrated firstly that armchair SWNTs are always metallic, secondly that
SWNTs, for which the difference between n and m is a multiple of 3 (exclusive 0), are quasi-
metallic and thirdly that the remaining SWNTs (i.e., for which (n-m) 6=3) are semiconducting.
This result was compatible with that of Mintmire. Unfortunately the details of their calculation
are not presented in their paper. At the same time, Saito et al. also reported on the calculation
of the band structure of SWNTs, for armchair and zigzag nanotube originally [17], and later for
the remaining ones [18]. Their calculations are based on the band structure of graphene and
on the boundary conditions imposed by the tubular form of SWNTs. Table 2.1 summarizes the
different groups of SWNTs, according either to their geometry or to their metallicity. Only the
armchair group corresponds to the group of purely metallic SWNTs. Zigzag and chiral tubes can
be either semiconducting or quasi-metallic.
m and n SWNT name metallicity
n = m armchair metallic
n = 0 ∩ m = 0 zigzag depending on n-m
m 6= n ∪ m 6= 0 ∪ n 6= 0 chiral depending on n-m
n-m = 3k, k ∈ Z∗ - quasi-metallic
n-m 6= 3k, k ∈ Z - semiconducting
Table 2.1: Metallicity of SWNTs according to their integers (n,m). Z represents the set of integers, Z the
set of non-zero integers.
The fact that SWNTs have a different metallicity according to their (n,m) integers is some-
thing new and very interesting for the scientific community. However, this is also a problem for
evident reasons: Metals and semiconductors are not going to be used in the same devices or in
the same way and it should be possible to separate them. Unfortunately, it is very difficult to
achieve the selective fabrication of s-SWNTs over m-SWNTs (or vice versa) and the separation
of s-SWNTs versus m-SWNTs according to their diameter is also impossible. To illustrate this
problem, Table 2.2 lists all possible SWNTs with a diameter between 0.950 and 1.059 nm. In
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Fig. 2.7, these SWNTs are identified by their node on the graphene lattice, corresponding to
the (n,m) integers. There are a total of 13 SWNTs with a diameter of 1 nm ±5% (SWNTs with
(n,m) and (m,n) integers are considered as equal and counted only once). Only one SWNT is an
armchair and thus purely metallic. Four SWNTs are quasi-metallic and eight tubes are semicon-
ducting. The (7,7) and (6,8) SWNTs have a diameter of 0.961 nm and 0.964 nm respectively
but the first is purely metallic and the second semiconducting. This example illustrates the prob-
lem of the separation of SWNTs with different metallicity. A selection only based on diameter
measurements will most likely not give good results because a tiny difference of 0.3 A makes a
major change in the electrical characteristics.
Figure 2.7: Graphic representation of all SWNTs with a diame-
ter between 0.950 and 1.059 nm.
m n Diameter
or (nm)
n m
0 13 1.030
0 12 0.951
1 12 0.993
2 12 1.039
2 11 0.961
3 11 1.012
4 10 0.990
5 10 1.049
5 9 0.974
6 9 1.036
6 8 0.964
7 8 1.030
7 7 0.961
Table 2.2: Corresponding di-
ameters.
2.2.4 Band structure
The band structure of SWNTs, especially of s-SWNTs, is very important for the understand-
ing of the operation of carbon nanotube field-effect transistors (see section 2.3). Prior to the
calculation of the band structure of SWNTs, some terms like Fermi level, conduction band and
valence band, must be defined. For this, a short summary of the band theory of solids is given
below.
Some basics of solid state physics [19]
As already mentioned, the energy of electrons belonging to free individual atoms can only
take discrete values, called energy states. They correspond to shells, subshells and orbitals. In
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solids, atoms interact collectively so that all shells, subshells and orbitals are energetically very
close to each other and the allowed energy levels of one electron are multiplied and form nearly
continuous bands of energy states. When no energy is applied to the solid (at 0 K), some of
these bands are completely filled with electrons and others are empty. The full band with the
higher energy is called valence band whereas the empty band with the lowest energy is called
conduction band. The energy difference between the lower state of the conduction band and the
upper one of the valence band is called energy band gap, abbreviated with Eg (“energy gap”).
Only semiconductors and insulators have a band gap. For semiconductors, this band gap is
fairly narrow (e.g. ∼1 eV) so that at room temperature some valence band electrons can occupy
the conduction band. For insulators, the band gap is very wide. For metals, the valence and
conduction bands are overlapping so that there is no band gap.
Electrons have half integer spin and are thus fermions, i.e., particles that obey the Fermi-Dirac
statistics. The Fermi-Dirac statistics gives the probability f for an energy state E to be occupied
by an electron. It is expressed in equation (2.4), where k is the Boltzmann constant, T the
temperature in Kelvin and EF the Fermi energy or Fermi level.
fFermi−Dirac(E) =
1
e(E−EF/kT )+ 1
(2.4)
The Fermi level is the energy level at which a state has a 50% probability of being occupied by
an electron for T > 0 K. For T = 0 K, EF represents the highest energy level filled with electrons.
For intrinsic (undoped) semiconductors and insulators, the Fermi level is centered within the
band gap. The work function of a solid is defined by the energy needed to extract an electron
from the Fermi level to the vacuum level so that it can freely move.
In quantum mechanics, electrons are regarded as propagating waves. Waves are always rep-
resented within the so-called reciprocal space by wave vectors whose module has the dimension
of the inverse of a length. If −→a 1, −→a 2, −→a 3 are the unit vectors of the real space, the definition of
the unit vectors of the reciprocal space (
−→
b 1,
−→
b 2,
−→
b 3) is given in equation (2.5).
−→a 1 •−→b 1 = 2pi −→a 1 •−→b 2 =−→a 1 •−→b 3 = 0−→a 2 •−→b 2 = 2pi −→a 2 •−→b 1 =−→a 2 •−→b 3 = 0−→a 3 •−→b 3 = 2pi −→a 3 •−→b 1 =−→a 3 •−→b 2 = 0
(2.5)
To calculate the allowed energy states of electrons in an atom or a solid, the Schrödinger’s
equation (independent of the time) must be solved for the whole system. The Schrödinger’s
equation is expressed in equation (2.6).
H ψ(
−→
k ) = E(
−→
k ) ψ(
−→
k ) (2.6)
H is the Hamiltonian, E(
−→
k ) and ψ(
−→
k ) the eigenvalues and eigenfunctions of the energy of the
system at wave vector
−→
k . The electronic band structure of a solid represents the allowed energy
states of electrons with their corresponding wave vectors (
−→
k ). It is an energy versus a wave
vector, or more exactly versus its projections on the three axis (kx , ky , kz). Crystals are mostly
three dimensional structures. Since there is no way to plot an energy versus a three dimensional
space (four dimensions!), the energy is usually plotted as a function of
−→
k along certain lines of
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symmetry within the first Brillouin zone (unit cell of the reciprocal space). This leads to a two
dimensional graph.
For semiconductors, the boundaries of the valence/conduction bands are not necessarily con-
stant for all wave vectors. At particular wave vectors, the boundaries of the bands reaches a
minimum for the conduction band and a maximum for the valence band. If the maximum and
minimum are reached at identical
−→
k values, the semiconductor is called a direct semiconductor.
If not, the semiconductor is called an indirect semiconductor. The energy difference between
the valence band maximum and conduction band minimum defines the band gap. For indirect
semiconductors, the band gap is calculated from the projection, since the energies are taken
at different wave vectors. Only direct semiconductors can emit photons which are created via
electron-hole recombinations. Silicon for instance is an indirect semiconductor and cannot emit
light. As an illustrating example, the electronic band structure of silicon is given in Fig. 2.8,
WAVE VECTOR k
EN
ER
GY
 (e
V)
Eg
Figure 2.8: Electronic band structure of silicon along the lines of symmetry within the first Brillouin zone
from [20]. The circles emphasize the indirect band gap.
where the indirect band gap can be seen.
Graphene band structure
Back to the band structure of SWNTs: The band structure of graphene must first be computed
since the SWNT band structure is based on graphene. It is not possible to solve Schrödinger’s
equation for all electrons of graphene without doing some simplifications. Two common simpli-
fications which are used:
1. Electrons are considered as free particles, which move almost like in a gas, and feel weakly
the potential created by the atoms of the lattice. Since atoms are arranged periodically to
form a crystal, the potential felt by electrons is also periodic. Electrons are described as
plane waves [21].
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2. Electrons are considered as part of the atoms of the solid [21]. This is called tight-binding
approximation and is used for solids in which atoms are sufficiently close to each other so
that the overlap of the atom wave functions is strong enough to necessitate an adjustment
of the result obtained on isolated atoms but not strong enough to make the description
of the energy states of the atom completely irrelevant for the solid [19]. This model
is applied mostly to transition metals where the d-shells are only partly filled and for
insulating materials [19].
The second simplification is known to work remarkably well for graphene [21]. Already in
1947, Wallace published the computation of the electronic band structure of graphene using
the tight-binding model [22]. It is supposed that the conduction in graphene is only based on
electrons in the pz orbital, i.e., the non-hybridized orbital which is oriented perpendicular to the
graphene lattice (see subsection 2.2.2). These electrons are independent from the other valence
electrons and form the pi-bond network of graphene (see Fig. 2.5). Usually, band structures are
calculated within the first Brillouin zone (unit-cell of the reciprocal space). Fig. 2.9 shows the
graphene lattice in the real space. The unit vectors of the real space are −→a 1 and −→a 2. The first
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Figure 2.9: Schematic of graphene in the real and reciprocal spaces.
Brillouin zone is also shown, this time drawn in the reciprocal space. The unit vectors of the
reciprocal space are
−→
b 1 and
−→
b 2, constructed according to the set of equations (2.5). In the
two dimensional case, the equations are equivalent to the set of relations (2.7), where P is the
projection of
−→
b 1 on
−→a 1 (also of −→b 2 on −→a 2, see Fig. 2.9) and a the length of the unit vectors
(
p
3aC−C). 
−→
b 1 ⊥ −→a 2−→
b 2 ⊥ −→a 1P = 2pi/a
(2.7)
The first Brillouin zone of graphene is hexagonal as is the structure in real space, and has three
specific points: the K points (apexes of the hexagon), the M points (middles of the hexagon
sides) and the Γ point, center of the hexagon.
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When solving the Schrödinger’s equation (2.6) with the nearest-neighbor tight binding ap-
proximation, the electronic band structure of graphene is given in equation (2.8) [18, 22],
where γ0 is the nearest-neighbor overlap integral. “Nearest-neighbor” means that only the in-
fluence of the nearest-neighbor atoms on electrons is taken into account.
E2D(kx , k y) =±γ0
¨
1+ 4cos(
p
3kxa
2
) cos(
k ya
2
) + 4cos2(
k ya
2
)
« 1
2
(2.8)
Because graphene is a two dimensional structure, the wave vector
−→
k is replaced by its projec-
tions only on the x and y axes kx and ky respectively. Unlike silicon, the projection on the z axes
is equal to 0 so that the band structure can be plotted as a three dimensional graph with the z
axis representing the energy. Inserting equation (2.8) in a program for drawing graphs [23], the
electronic band structure of graphene can be drawn as the example shown in Fig. 2.10. The pi∗
Figure 2.10: Graphene band structure. This graphic has been computed with the program Archim [23].
valence band (bottom) and the pi conduction band (top) do not have any common surfaces but
six common points. These six points correspond to the six apex of the hexagonal first Brillouin
zone of graphene (K points). The energy level of these six points corresponds to the Fermi en-
ergy of graphene. Graphene is not a semiconductor because there is not a real energy range (i.e.,
band gap) which is completely free from allowed wave vectors. On the other hand, graphene is
also not a real metal because conduction and valence bands do not have any common points at
most wave vectors. These are properties of a so-called semi-metal. The metal characteristics are
obtained only at the wave vectors near the K points.
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Method to deduce SWNT band structure
The electronic band structure of SWNTs can now be deduced from the one of graphene. For
this procedure, the so-called zone folding approximation is used, which means roughly that the
electronic band structure of graphene is cut into “pieces” of allowed wave vectors. The super-
position of the sliced parts of the graphene electronic structure forms the SWNT electronic band
structure. The selection is based on supplementary boundary conditions induced by SWNTs.
Graphene is assumed as a planar surface, periodic and infinite in both directions of the plane.
This infers that the wave vector is continuous in both directions of the plane. SWNTs also have
a periodic infinite structure along the tube axis, but in the transverse direction (direction of the
chiral vector), the structure is finite. This implies a quantization of the wave vector along the
transverse direction, whereas the wave vector along the tube axis is continuous as for graphene.
In the zone-folding approximation related here, the SWNT tubular form is neglected, i.e., SWNTs
are considered as a planar structure, infinite in the direction of the tube axis, periodic in the
transversal direction. The period of the transversal direction is the circumference of the tube
(length of the chiral vector), depending only on (n,m) (see equation (2.2)). The quantization
of the transversal direction is then equivalent to the one dimensional case of an electron in a
periodic potential, a well-know problem in quantum mechanics. The condition which the wave
function should obey is given in equation (2.9) where L is the period of the potential, here,
the circumference of the SWNT and ψ(x) is the planar linear progressive wave describing the
electron:
ψ(x) =ψ(x + L) =ψ(x + circumf erence) with ψ(x) = Aexpikx +B exp−ikx (2.9)
The well known result of this boundary condition is:
k =
2ppi
circumf erence
, p ∈ Z (2.10)
which means that the component of the SWNT wave vector along the direction of the chiral
vector can only take discrete values (points). Since the component along the tube axis is contin-
uous, the authorized wave vectors for all SWNTs form lines which are parallel to the tube axis,
as depicted in Fig. 2.11 left. Fig. 2.11 center shows these lines on the electronic band structure
of graphene. For the sake of clarity, only the positives energies have been represented. The two
dimensional SWNT band structure is plotted as follows: each line of authorized wave vectors
which crosses the first Brillouin zone is used as the x axis, and each corresponding energy graph
is drawn on each other. An example of SWNT band structure is given in Fig. 2.11 right. Impor-
tant for the determination of the metallicity of the tubes is where exactly these lines cross the
first Brillouin zone. Indeed, when the lines cross the K points, then the K-points belong to the
authorized wave vectors and the SWNT is metallic. If not, the SWNT has a band gap for all its
allowed wave vectors, which means that it is semiconducting.
Armchair SWNT band structure
For armchair SWNTs, n=m implies that the angles between chiral vector
−→
C = n−→a1 + m−→a2
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Figure 2.11: Left: Representation of an infinite SWNT in the plane and its quantized wave vectors. Cen-
ter: Illustration of SWNT supplementary quantization on graphene 2D band structure. Right:
Example of SWNT band structure (adapted from [24]). Each color represents another line of
authorized wave vectors.
and both unit vectors −→a 1 and −→a 2 are the same. Looking at Fig. 2.9, this means that the chiral
vector is along
−→
kx . The authorized lines are then oriented perpendicular to
−→
kx , i.e., parallel to−→
ky . From “n=m” and equations (2.2) and (2.10), the condition of quantization for armchair
SWNTs can be deduced, as detailed in equation (2.11).
kx =
2ppi
circumf erence
=
2ppip
3aC−C
p
n2+mn+m2
=
2ppi
3ac−cn
=
p
n
2pi
3ac−c
, p ∈ Z (2.11)
When observing Fig. 2.9, elementary geometrical considerations lead to the result that K2 and
K5 belong to the lines of authorized wave vectors when kx = 0, K1 and K6 when kx = ΓM and K3
and K4 when kx =−ΓM . The distance ΓM is calculated in equation 2.12.
ΓM = ΓΓ′/2=
P
cos30◦ =
2pi/a
cos30◦ =
2pi
3ac−c
(2.12)
From equations (2.11) and (2.12), kx = 0 is true when p=0, kx = ΓM when p=n and kx =−ΓM
when p=-n. Since p is an integer, it is in fact always true, which means that the six K-points
always belong to the authorized wave vectors. Accordingly, the armchair tubes are always
metallic. This result is illustrated in Fig. 2.12. On the left, the allowed wave vectors of the (6,6)
SWNT are drawn on the first Brillouin zone of graphene. The six K-points belong to lines of
wave vectors. On the right, the band structure of the SWNT is given from [7]. The point where
no energy gap exists can be easily identified. For a better appreciation of this sweep, Fig. 2.12
center shows the graphene band structure from the [K1K6] perspective, where the Γ, X and K3
are indicated. Γ and M are coincident, as well as K6 and K4 and lastly K1 and K3.
Zigzag SWNT band structure
For zigzag tubes, one of the integers is equal to zero, so that the chiral vector is along one
of the unit vectors, i.e., along one side of the hexagon of the Brillouin zone. Two new wave
vector directions are introduced, k⊥ and k//, as illustrated in Fig. 2.13a left. The allowed wave
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perspective. Right: Band structure of (6,6) SWNT from [7].
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Figure 2.13: (a): Left: allowed wave vectors of (12,0) SWNT. The gray points indicate when a wave vector
line crosses a K point. Middle: view of graphene band structure “as seen from line 1”. Right:
Band structure of (12,0) SWNT from [7]. (b): Left: allowed wave vectors of (13,0) SWNT. No
allowed wave vector line crosses a K point. Right: Band structure of (13,0) SWNT from [7].
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vector lines are oriented along k⊥, i.e., the boundary condition is along k//. From “m=0” and
equations (2.2) and (2.10), the condition of quantization for zigzag SWNTs can be deduced:
k// =
2ppi
circumf erence
=
2ppip
3aC−C
p
n2+mn+m2
=
2ppip
3ac−cn
=
3p
n
2pi
3
p
3ac−c
(2.13)
Once again, elementary geometrical considerations lead to the result that K3 and K6 belong
to the lines of authorized wave vectors when kx = ±ΓK6 and K1,2,4,5 when kx = ±M ′K1. In
equations (2.14) and (2.15), the distances ΓK6 and M’K1 are calculated respectively. From
equations (2.13), (2.14) and (2.15), it can be deduced that if p takes the value 2n/3 and n/3,
the zigzag SWNT will be metallic.
ΓK6 =
ΓM
cos30◦ = 2
2pi
3
p
3ac−c
(2.14)
[M ′K1] = [ΓK1 sin30◦] =
2pi
3
p
3ac−c
(2.15)
As p is an integer, n should be a multiple of three to obtain metallic tubes. This is e.g. the case
of the (12,0) SWNT whose allowed wave vectors are drawn in Fig. 2.13a left and electronic
band structure from [7] given in Fig. 2.13a right. In Fig. 2.13a center, a view of the band
structure of graphene seen from the “line 1” perspective is drawn where X, Γ and the K-points
are represented. This perspective helps to understand the band structure of the (12,0) SWNT
represented on the right. Γ, K6 and K3 are coincident, as well as K5 and K4 and lastly K1 and K2.
If n is not a multiple of three, the lines of allowed wave vectors do not cross any K point at all.
The SWNT is then purely semiconducting. Fig. 2.13b shows the lines of the (7,0) SWNT and
the computed band structure of the (13,0) SWNT taken from [7]. For the sake of clarity, a (7,0)
SWNT and not a (13,0) has been drawn. The valence and conduction bands are separated by
a forbidden range of energy for all wave vectors. At the Γ point, the lowest possible energy of
the conduction band and the highest possible energy of the valence band are reached simulta-
neously, which is the definition of a direct band gap. Note that the wave vector line giving this
band gap is not the one crossing the Γ point (in the middle of the Brillouin zone) but the one at
the end of the Brillouin zone.
Chiral SWNT band structure
The integers of chiral SWNTs obey the following rules: n 6=m, n 6=0, m 6=0. With a similar
method as for zigzag tubes, it can be shown that chiral SWNTs are metallic only if (n-m) is a
multiple of three (non zero). Fig. 2.14 gives two examples of chiral SWNTs, on the left, the
metallic (6,3) SWNT and on the right the semiconducting (7,3) SWNT.
Accuracy and limitations of the previous approximation for SWNT band structure
The fact that SWNTs can be metallic or semiconducting according to their chirality, despite
their similarity in structure makes them a really novel and unique material. The zone folding
of the nearest neighbor tight binding model of graphene is a very elementary approach to cal-
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culating the band structure of SWNTs and the easiest one, in fact. Nevertheless, in most cases
it provides a good approximation of the SWNT band structure and reasonably correct infor-
mation on the SWNT metallicity. However, the experimental results sometimes differ from the
theoretical approximation:
1. Zigzag and chiral tubes are only quasi metallic and not purely metallic, which does not
appear in Fig. 2.13 and Fig. 2.14. The quasi metallic feature of SWNTs should not be
confused with the semi-metal feature of graphene, coming from its Fermi level which is
reduced to singularities. Quasi metallic SWNTs are actually semiconducting but with a
very narrow band gap, so that their behavior is much closer of the metallic one. The
reason is that for all the calculations reported above, the changes in the structure, which
are induced by the curvature, have been neglected. SWNTs have been considered as a
periodic plane and not as a tube. However, the curvature implies a change in the distance
between atoms: the carbon hexagon is not perfect anymore. This change in the structure
(atomic relaxation, see also previous section) is responsible for the narrow band gap found
experimentally by zigzag and chiral tubes even when the difference (n-m) is a multiple
of three. In contrast, armchair tubes are not affected by this phenomenon due to their
symmetry and are really purely metallic.
2. The method of the folding of the graphene band structure assumes that all the C-C bonds
in SWNTs comes from the sp2 hybridization of the carbon atomic orbitals, whereas the
electrical conduction comes only from the non-hybridized vertical 2p orbital, as in the
case for graphene. However, the strong curvature of SWNTs implies a rehybridization of
the carbon orbitals. This can be neglected by large diameter SWNTs, locally almost planar,
whereas it plays an important role in small diameter SWNTs whose curvature is very strong
[25]. The hybridization is then a mixture of sp2 and sp3 and the band structure of such
SWNTs cannot be deduced anymore from the one of graphene.
For “large diameter” SWNTs (≥1 nm), the description based on the zone folding of graphene
reported previously is applicable and, moreover, it enables the computation of a relation be-
tween s-SWNT band gap and diameter. White et al. obtain the equation (2.16) based on the
first order development of the graphene band structure equation (2.8) in a Taylor series approx-
imation [26].
Eg = 2.7 eV
0.142 nm
radius in nm
=
0.8
diameter in nm
eV (2.16)
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The dependency of the SWNT electronic band structure with SWNT geometry has not only
been demonstrated many times theoretically, but also observed experimentally at the atomic
scale by Odom et al. from Harvard [27]. Fig. 2.15 shows two examples of their results, taken
from their paper which appeared in 1998 in Nature. In Fig. 2.15a, the atomic structure of a
metallic SWNT as well as its I-V characteristic on the nanometer scale is represented, whereas
in Fig. 2.15b, the same comparison for a semiconducting SWNT is given. Differences in the
structure as well as in the electrical sweep are clearly visible, confirming the theory.
(a)
(b)
Figure 2.15: Results from Odom et al. [27]. (a): STM scan of a metallic SWNT (left). I-V measurement
(inset). Deduced normalized conductance (right). The measurement occurred at the position
indicated by the symbols. (b): The same for a semiconducting SWNT.
2.2.5 Electronic transport
In SWNTs, the electronic transport is known to be ballistic. A ballistic transport occurs in
a finite semiconductor when the length of the conductive path (e.g. distance between two
electrodes) is shorter than the mean free path of electrons, so that electrons move through the
material without any scattering process. The mean free path of electrons is the mean distance
between two scattering processes. White and Todorov, who published on the first theoretical
calculations which prove that SWNTs can be ballistic conductors, obtained a result of at least
10 µm for the mean free path of armchair tubes [28].
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In CNT structures, ballistic transport is possible due to the unique one-dimensional tubular
structure in which electrons move along the tube axis without backscattering. However, the
conductivity of the tubes has an absolute maximum as in all one dimensional transport systems.
The one dimensional subbands of nanotubes form one dimensional conduction channels that
have the conductivity of a conductance quantum (G0 = 2q2/h, with q the elementary charge and
h the Planck constant) leading to the nanotube intrinsic conductivity of 4q2/h (due to the spin
degeneracy) [29]. This means that a maximal conductivity of 155 µS or a minimal resistance of
6.5 kΩ can be reached. In any case, the minimal resistance is in practice almost never attained
due to parasitic additional contact resistances. In CNTFETs, some reports indicate that the
choice of an appropriate metal, like Pd, as well as an adapted structure like short channel, lead
to resistances in the on-state, the values of which are near the theoretical limit [30, 31].
2.2.6 Synthesis methods
There are three major possibilities to synthesize single-walled carbon nanotubes: arc dis-
charge, laser ablation and in situ catalytic chemical vapor deposition (CCVD):
1. When Iijima observed for the first time carbon nanotubes under an SEM in 1991, the
growth method used was arc discharge [1]. This method was initially developed for the
production of fullerenes. Two carbon sticks, used as electrodes, are placed about 1 mm
far apart from one another, within an inert gas at low pressure. A current of 50 A passes
through the electrodes and causes the vaporization of the graphite. The carbon then con-
denses on the cathode, part of it in the form of carbon nanotubes. To obtain the growth
of SWNTs, cobalt [8] or nickel must be added to the anode. The arc discharge method
has the advantage of being simple but the disadvantage that CNTs are mixed with other
products of the reaction and need to be purified after growth.
2. Laser ablation was introduced in 1996 by Guo et al. [32]. A laser is used to vaporize a
graphite target in which cobalt and nickel are added. The major advantage over arc dis-
charge is the improvement of the yield. The proportion of CNTs to other products increases
to 70% in weight. The vaporization of graphite occurs at 1200°C in argon, followed by heat
treatment in a vacuum at 1000°C to remove the C60 molecules and other fullerenes.
3. The last possibility of growing CNTs is actually a very established method: chemical vapor
deposition of carbon which comes from a gas, such as a hydrocarbon, like methane. The
CVD process cannot occur alone, it needs a catalyst to break the gas molecule, commonly
a transition metal like iron, cobalt or nickel. Important is the form and size of the catalyst,
which has to be nanometer-scale clusters. Nanotubes grow from these catalytic particles,
at low or atmospheric pressure, under temperatures in the range of 600-1000°C. The great
advantages of the CVD method are the following:
• the lower process temperature
• no need to purify the CNTs from the soot
• the possibility of using this method directly on silicon wafer to avoid subsequent ma-
nipulation of CNTs after growth [33]
• the possibility of controlling the density and size of nanotubes by controlling the size
of the clusters.
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2.3 Carbon Nanotube Field-Effect Transistor (CNTFETs)
A field-effect transistor (FET) is a device which controls the current flow via the electric field.
The two states of the transistors, i.e., on- and off-states, are characterized by their currents (on-
current and off-state leakage current or off-current). There are many ways to build an FET. The
MOSFET (Metal Oxide Semiconductor Field-Effect Transistor) is probably the best known FET. It
is a silicon based device which has three main electrodes: source and drain between which the
current flows and gate which is situated on top of the gate oxide. The gate electric field allows
(or inhibits) the formation of a conductive channel within the silicon between source and drain
regions. Very often, CNTFET operation is assumed to be directly equivalent to MOSFET prop-
erties, because of marked similarities: The current flows between source and drain electrodes,
and is controlled by the electric field created by the bias applied to the gate electrode which
is electrically separated from S/D with an insulating layer. Moreover, the resulting sweeps of
CNTFETs and MOSFETs look fairly similar. However, the nanotube transistors present some im-
portant differences, due to the fact that CNTs replace bulk silicon as the channel material. First,
the unique one-dimensional form of the SWNTs implies a ballistic transport over hundreds of
nm at room temperature whereas scattering occurs in MOSFETs even for devices with a 10 nm
gate length [34]. Moreover, all C-C bonds in SWNTs are chemically saturated, whereas dangling
bonds on the surface of silicon induce energy states within the band gap at the interface Si/gate
oxide. The Si/SiO2 interface is considered to be nearly perfect. However, when fabricating
MOSFETs with high-κ dielectrics directly on Si (e.g. Gd2O3), carrier mobility usually degraded
due to an imperfect interface [35]. This problem is absent in CNTFETs since the CNT channel
has saturated bonds.
In the following section, a short review on metal-semiconductor contacts is given, since they
play a major role in the CNTFET operation. Subsequently, a description of the CNTFET operation
is given.
2.3.1 Metal-semiconductor contact
At a metal/semiconductor contact, a potential barrier is formed at the interface. When apply-
ing a bias between metal and semiconductor, the barrier is either reduced (forward direction)
or increased (reverse direction) at the semiconductor side, according to the polarity of the bias.
At the metal side, the barrier height does not change. When the potential barrier is higher
than 3kT (0.78 eV at room temperature) in the reverse direction, it prevents most carriers from
passing through the contact which is called rectifying or Schottky contact. The barrier is usually
called Schottky barrier, or Schottky barrier height (SBH). As a result, the junction conducts a
non-negligible current for the forward polarity but not for the reverse polarity, this is the rea-
son why the metal-semiconductor contact is also called Schottky-diode. The current voltage
characteristic is highly non-linear.
At moderate temperature (e.g. room temperature) and for moderately doped semiconductors,
thermionic emission is the predominant process for conduction through Schottky contacts [36].
The magnitude of the thermionic current depends only on the barrier height. To pass through
the junction, the carriers should have a sufficiently high energy to overcome the Schottky bar-
rier, which is the case when the temperature is sufficiently elevated. At low temperature, no
thermionic emission is possible.
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Theoretically, the SBH for electrons is the difference between the semiconductor conduction
band lower edge and the metal Fermi level, i.e., the SBH depends ideally on the metal work
function. Accordingly, the SBH for holes is ideally the difference between the semiconductor
valence band upper edge and the metal Fermi level.
Ohmic contacts between a metal and a semiconductor are obtained in three cases:
• when there is basically no Schottky barrier for both bias polarities. When using the ideal
definition for SBH given above, the absence of a barrier can also be referred to a negative
Schottky barrier, i.e., the difference between the semiconductor conduction band lower edge
(valence band upper edge) energy level and the metal Fermi level is negative.
• when the barrier is sufficiently low (≤3kT) for both bias polarities.
• when the barrier depletion zone is extremely thin, e.g. Al/Si-n+ contacts. Actually, when the
barrier depletion zone is very narrow, another conduction mechanism called tunneling injection
of carriers is predominant in metal-semiconductor junctions [36]. Tunneling is a phenomenon
in quantum mechanics. To pass through the junction, carriers do not need to overcome the
potential barrier, but since they also have wave properties, a certain probability for them to
tunnel through the barrier exists. The thinner and lower the barrier, the higher the probability
for carriers to tunnel through. In highly doped semiconductors, the Schottky barrier becomes
very thin so that the probability for carrier tunneling is high and independent of bias polarity,
making an ohmic contact of the metal-semiconductor junction.
In ohmic contacts, the current-voltage characteristic is linear for both bias polarities. Good
ohmic contacts should also have a low resistance in relation to the total resistance of the semi-
conductor device.
For planar Si or Ge, or other covalent semiconductors in contact with a metal, the SBH deviates
experimentally from the expected one: the SBH does not directly depend on the metal work
function. This phenomenon is called Fermi level pinning. The Fermi level pinning originates from
the fact that the atoms at the interface semiconductor/metal have a different structure than the
bulk ones because of e.g. some damaging at the surfaces of the materials, or, when the contact
is very good, new chemical bonds between the two materials. The Fermi level pinning is then
often attributed to interface states, i.e., new possible energy levels which are situated within the
band gap of the semiconductor, due to boundary conditions. These states only depend on the
semiconductor bulk structure making the SBH independent of the metal work function [37].
However, some phenomena are not fully explainable, for example the variations of the SBH
between the same metal/semiconductor pair. New studies have demonstrated that Fermi level
pinning can be explained in term of polarization of chemical bonds at the metal/semiconductor
interface [38]. The SBH depends on the one hand on the semiconductor structure and on the
other hand, not on the metal work function but on the quality of the interface, and amongst
others, on the orientation of the metal layer [39].
For covalent semiconductors in contact with metals, the reduction of the Schottky barrier
height is complicated due to Fermi level pinning. Ohmic contacts for Si-based devices can be
obtained more easily via tunneling using highly doped semiconductors (see above).
2.3.2 CNTFET operation
For SWNT devices, it is possible to adjust the Schottky barrier height easily since the one-
dimensional nanometer scale geometry of the tubes reduces drastically the Fermi level pinning
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phenomenon. The SBH for electrons depends simply on the difference between the metal work
function and the bottom edge of the conduction band, the SBH for holes depends on the dif-
ference between the metal work function and the top edge of the valence band [40]. The
adjustment of the SBH opens the possibility to develop CNTFETs which work as Schottky bar-
rier FETs [41], with the special cases of ohmic contacts CNTFETs (OC-CNTFETs) [30] and mid
gap CNTFETs.
Another possibility to build CNTFET is to use p/n junctions of doped CNT-material to realize
S/D contacts as in conventional MOSFETs to avoid the Schottky barrier [42]. In these so-called
MOS-CNTFET devices, the SWNT acts as the channel and also as source/drain junctions. The
end parts of the tube are doped and used as S/D extensions, whereas the middle of the tube,
which is not doped, serves as the channel [42]. These structures show very good performances
at elevated supply voltages [43]. However, they are difficult to produce, more practicable to
fabricate are SB-CNTFETs. The operation of these devices is described in detail below.
The first published results on fully functional devices were all based on SB-CNTFETs. In
1998, Tans et al. from the Delft University of Technology in The Netherlands [44], almost
simultaneously with Martel et al. from IBM [45] reported on the first fully functional CNTFETs.
Heinze et al. published in 2002 the first demonstration that CNTFETs work as Schottky barrier
FETs [41]. The operation of SB-CNTFETs is based on the modulation of the Schottky barrier via
the electric field, to control the passage of the carriers through it, in addition to the modulation
of the channel conduction.
In Schottky contacts, the conduction is mainly based on majority carriers [36]. However, in
most publications as well as in the experiments presented later in this work, the SWNTs are not
doped, i.e., they are used as intrinsic semiconductors. Thus, electrons and holes can participate
in the conduction through the metal-semiconductors contacts. Schottky barriers for both holes
and electrons should be considered. According to the metal used as S/D electrodes, the diameter
of the SWNT and the sort of carriers which are considered, three kinds of Schottky barrier exist
in CNTFETs:
• High and wide Schottky barriers: They prevent both thermionic emission at room tempera-
ture and tunneling injection of carriers.
• High but narrow Schottky barriers: The contact is ohmic since carriers can tunnel through
it. The current is proportional to Vds.
• Low, 0 eV or even negative Schottky barrier: The contact is ohmic.
A very important feature of CNTFETs is that the width of the Schottky barrier at the SWNT-
metal contact is found to depend mainly on the gate oxide thickness [41].
Three theoretical examples of SB-CNTFETs are given below, where a 1 nm diameter SWNT
serves as the channel (average diameter of SWNTs grown in this work, see chapter 3). The
first example deals with ambipolar SB-CNTFETs, the second case is a p-type CNTFET fabricated
with palladium as S/D material and the third example is a n-type CNTFET with aluminum S/D
electrodes. Lastly, some concluding remarks on CNTFET operation are given.
The value of 4.7 eV is taken for SWNT work function (qφSWNT), based on the study of Shan
and Cho [46], who have shown that all SWNTs with a diameter above 0.8 nm have a work func-
tion near that of graphene (4.66 eV). SWNT band gap (Eg) is calculated with equation (2.16):
1 nm diameter leads to 0.8 eV. χSWNT , the electron affinity of SWNTs, defined as the bottom edge
of the conduction band, is given in equation (2.17). The Schottky barriers are supposed to be
ideal, i.e., calculated as difference between qφM (metal work function) and top edge of valence
band (for holes)/electron affinity (for electrons), as indicated in equation (2.18) for electrons
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and (2.19) for holes [36]. When applying a gate voltage, the barrier width can be reduced or
increased according to the polarity of the bias.
qχSWNT = qφSWNT − Eg/2= 4.3 eV. (2.17)
SBH for electrons = qφBn = q(φM −χSWNT ) (2.18)
SBH for holes = qφBp = Eg − q(φM −χSWNT ) (2.19)
In the following examples, the voltage applied to the source is always equal to 0 V whereas
the voltage applied to the drain is either equal to ±400 mV or to -1 V. Note that the two cases
obtained at Vds = ±400 mV are not symmetrical and represent two different electronic configu-
rations, since the source is always equal to 0 V.
Ambipolar CNTFET
Ambipolar is the common name given to CNTFETs which have significant currents for both
sufficient positive and negative gate voltages, i.e., the transistors are n and p-type [47]. The
off-state region of such transistors is reduced to a narrow gate voltage range of around 0 V.
This is due to the fact that undoped SWNTs are used which behave as intrinsic semiconductors,
and both hole conduction (Vgs < 0V) and electron conduction (Vgs > 0V) are possible, when
the Schottky barriers are favorable for both conductions. Three cases of ambipolar CNTFETs
are known: CNTFETs with ultra down-scaled gate oxide thickness allowing carriers tunneling,
CNTFETs with large diameter SWNTs which present reduced SBH due to the reduced SWNT
band gap, and mid gap CNTFETs (even with thick oxide) [35]. The description, band profile
and conduction mechanisms of mid gap CNTFETs are given below.
Mid gap refers to the special case of SB CNTFET in which the Fermi level of the S/D metal
is located nearly in the center of the SWNT band gap, i.e., work functions of both SWNT and
metal are identical: qφM = qφSWNT = qχSWNT + Eg/2. From equation (2.18) and (2.19), it is
evident that in mid gap CNTFETs, the barriers for electrons and holes are identical in magnitude.
The metal and SWNT parameters of the mid gap CNTFET considered here are summarized
in Table 2.3. From these parameters, the band profile of a metal/SWNT/metal contact can
SWNT diameter dSWNT 1 nm
SWNT band gap Eg 0.8 eV
SWNT work function φSWNT 4.7 V
SWNT electron affinity χSWNT 4.3 V
Metal work function φM 4.7 V
SBH for electrons φBn 0.4 V
SBH for holes φBp 0.4 V
Table 2.3: Parameters of mid gap CNTFET
be drawn, as shown in Fig. 2.16. Usually, when contacts are formed between a metal and
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a semiconductor with different work functions, an adjustment of their Fermi levels induces a
bending of valence and conduction bands of the semiconductor. This does not occur in mid
gap CNTFETs because the Fermi levels are already nearly at the same position since both work
functions are identical (see Fig. 2.16b). When an electric field is applied to a semiconductor,
by applying a gate bias to the gate electrode, the energetic position of valence and conduction
bands edges are shifted due to band bending. However, the distance between both, the band
gap, stays the same. For negative Vgs, the bands are shifted in the positive energy direction,
i.e., they become nearer to the vacuum level of the metal. This is illustrated in the case of the
mid gap CNTFET in Fig. 2.16c. As a result, the barrier for electrons (difference metal Fermi
level - conduction band bottom edge of SWNT) is increased, inhibiting electron conduction,
whereas the top of the valence band is now above the Fermi level, which is favorable for hole
conduction. The Schottky barrier height does not alter through the application of a positive
gate voltage. Only its width is clearly reduced. When applying a positive Vgs, the situation is
exactly the same, with the only difference that electron conduction would be favorable under
appropriate drain-source voltage, whereas hole conduction would be inhibited (see Fig. 2.16d).
Figure 2.16: Contact formation of a metal/SWNT/metal structure. Metal work function: 4.7 eV. The struc-
ture corresponds to a mid gap CNTFET.
Fig. 2.17 shows the band profile for a mid gap CNTFET operating under different Vds (Vs = 0 V,
Vd = -400 mV or -1 V). Operating under sufficiently high Vds and negative Vgs, conduction of
both electrons and holes occur in the mid gap transistor as shown in Fig. 2.17a. For reduced
Vds, only hole conduction is possible, as shown in Fig. 2.17b.
For positive Vgs, whatever the drain-source voltage, only the conduction of electrons is possi-
ble, as shown in Fig. 2.17c. At the metal/SWNT contact (source side), electrons either tunnel
or pass above the barrier with thermionic emission. They are then accelerated because the
energy of the conduction band bottom edge is much lower than the Fermi level of the metal.
The energy accumulated with this acceleration is used to reach the energy of the metal Fermi
level at the drain side and finally pass above (or through) the SWNT/metal contact. The con-
duction mechanism (thermionic emission or tunneling) which occurs in this CNTFET depends
on the gate oxide thickness. When the gate oxide thickness is reduced, the Schottky barrier
width becomes very narrow, allowing tunneling of carriers through the contacts. When the gate
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Figure 2.17: Conduction mechanism in mid gap CNTFET.
oxide is fairly thick, tunneling is inhibited and thermionic emission of carriers is predominant.
Thermionic emission of carriers highly depends on the temperature. Accordingly, a temperature
dependence is expected for thick oxide mid gap CNTFETs. However, since the current density
due to hole conduction for negative Vgs and electron conduction for positive gate voltage are al-
ways approximately identical in a mid gap CNTFET, whatever the gate oxide thickness (i.e., the
conduction mechanism), ambipolar electrical characteristics are obtained for any oxide thick-
ness. Even when the gate oxide thickness is reduced, thus reducing the width of the SB to
allow tunneling and resulting in a much higher current density at room temperature, this kind
of operation for a transistor always leads to a loss of conductivity as a drawback due to the
enhanced contact resistance. On the other hand, unipolar transistors are required to replace the
conventional MOSFET in CMOS technology.
Ohmic contact CNTFETs
In 2003, Javey et al. published for the first time on Pd-contacted CNTFETs, which they called
ohmic contact CNTFETs [30], which are a special kind of SB-CNTFETs. The metal of the S/D
electrodes is especially chosen so that one kind of carriers (only electrons or holes) has an SBH
almost or exactly equal to 0 eV, or even a negative value. These devices show higher performance
than mid-gap SB CNTFETs [48], since ohmic contacts allow higher Ion. Moreover, the devices
are found to be unipolar (p-type). There is only hole conduction at negative Vgs and no electron
conduction at positive Vgs. To provide ohmic contacts to s-SWNTs, the metal should have either
a high work function (φM ≈ χSWNT + Eg/2), allowing a barrier free flow of holes, or a low work
function (φM ≈ χSWNT), allowing a barrier free flow of electrons.
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P-type CNTFET with Pd S/D electrodes
We consider here a CNTFET contacted with Palladium (φPd = 5.0 eV), and assume a 1 nm
SWNT as channel. The resulting barrier for holes, calculated from equation (2.19), is equal to
0.1 V. The parameters of this CNTFET are summarized in Table 2.4. From these parameters, the
SWNT diameter dSWNT 1 nm
SWNT band gap Eg 0.8 eV
SWNT work function φSWNT 4.7 V
SWNT electron affinity χSWNT 4.3 V
Metal work function φM 5.0 V
SBH for electrons φBn 0.7 V
SBH for holes φBp 0.1 V
Table 2.4: Parameters of Pd contacted CNTFET
formation of the Pd/SWNT/Pd contact can be drawn, as illustrated in Fig. 2.18 together with
the changes occurring when the double contact is maintained under the field-effect. Due to the
fairly high Schottky barrier for electrons (0.7 V), the conduction for electrons will be prevented
whatever the applied drain-source voltage, except when the Schottky barrier is very narrow.
This would happen when the oxide thickness is significantly reduced. At negative gate voltages,
hole conduction will be possible when applying a drain-source bias.
Figure 2.18: Contact formation of a Pd/SWNT/Pd structure.
Fig. 2.19 shows the band profile of the Pd contacted CNTFET when applying a drain-source
voltage of ±400 mV. When the upper edge of the valence band is shifted above the Fermi level of
metal, i.e., when Vgs is negative, holes can go easily from the Pd electrode (drain electrode for
Vds = +400 mV / source electrode for Vds = -400 mV) to the SWNT with thermionic emission,
since the Schottky barrier for holes is only 0.1 V. This is shown in Fig. 2.19a and c, for Vds of
-400 mV and +400 mV respectively. The barrier at the SWNT/Pd contact (drain contact for
Vds = -400 mV, source contact for Vds = +400 mV) being smaller for negative Vds, it is expected
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that the drain-source current is higher for negative Vds than for the positive Vds. The conduction
Figure 2.19: Conduction mechanism in Pd contacted CNTFET.
of electrons is shown to be supressed for negative Vgs, since the conduction band lower edge
is situated considerably over the Fermi level of the metal. More interesting is what happens
for positive gate voltages. In this case, the upper edge of the valence band is shifted consider-
ably below the Fermi level of metal, completely inhibiting hole conduction. Electron conduction
would be possible but the Schottky barrier is very high (0.7 eV). Thermionic emission is very
unlikely in this case, only tunneling through the contact would be predominant, but only if the
dielectric is sufficiently thin to reduce the width of the Schottky barrier. This means that the
devices are theoretically unipolar (only based on hole conduction at negative Vgs) when the
dielectric is thick enough. Javey et al. obtain devices perfectly unipolar with a gate dielectric
made of 500 nm SiO2 [30].
N-type CNTFET with Al S/D electrodes
Aluminum with its work function of 4.3 eV is found to be a good metal to produce n-type
ohmic contact CNTFETs [49, 50]. The parameters of an Al contacted CNTFET with a channel
made of a 1 nm SWNT are given in Table 2.5. The Schottky barrier for electrons is exactly
equal to 0 V (theoretically): SBH for electrons = qφBn = q(φM -χSWNT) = q(4.3-4.3) = 0 V
(see equation (2.18)). In the same way as for Pd devices, the contact Al/SWNT/Al is depicted
in Fig. 2.20. Hole conduction would be possible only by a very thin Schottky barrier whereas
electron conduction is very favorable when Vgs is positive.
Fig. 2.21 shows the band profile of an Al contacted CNTFET operating under ±400 mV. Theo-
retically, the situation is the same as for Pd, but based this time on the conduction of electrons.
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SWNT diameter dSWNT 1 nm
SWNT band gap Eg 0.8 eV
SWNT work function φSWNT 4.7 V
SWNT electron affinity χSWNT 4.3 V
Metal work function φM 4.3 V
SBH for electrons φBn 0.0 V
SBH for holes φBp 0.8 V
Table 2.5: Parameters of Al contacted CNTFET
Figure 2.20: Contact formation of an Al/SWNT/Al structure.
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Fig. 2.21d shows the best case for conduction, i.e., when Vds and Vgs are positive. There is no
barrier for electrons at the Al/SWNT contact (source side) and only a tiny one at the contact
SWNT/Al (drain side). Vds < 0 V also lead to the conduction of electrons, but the magnitude
of the current is theoretically reduced compared to Vds > 0 V since the barrier is slightly higher.
Lastly, hole conduction at negative gate voltages could only be possible if the carriers can tunnel
Figure 2.21: Conduction mechanisms in Al contacted CNTFET.
through the Schottky barrier, i.e., for very thin barriers, which are obtained with ultra down-
scaled gate dielectrics.
Concluding remarks: Ideal description versus real behavior
From the previous paragraphs, it can be concluded that ultra down scaled dielectrics always
lead to an ambipolar behavior of CNTFETs. However, unipolar transistors with ultra down scaled
gate oxide are required in order to replace MOSFET with CNTFET in the future. This feature
can be achieved by introducing an asymmetry in the source and drain electrodes. With different
S/D geometries, e.g. different thicknesses for the bottom oxide at source and drain contacts,
different electrostatics are obtained, i.e., large electric field at one contact and small at the other
[51]. Appenzeller et al. have shown that carrier tunneling can also be reduced or suppressed by
using a double gate structure [52]. Lastly, making source and drain unsymmetrical by using two
different metals with different work functions, or different gate-drain and gate-source spacers
[53], is also a solution to avoid ambipolar conduction in CNTFETs.
The description of contact formation, SBH and band profiles given above is the easiest way to
describe the three possibilities for a CNTFET to work when the contacts are metallic. However,
this cannot be applied for all SWNTs and all metals. For instance, Javey et al. report that ohmic
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contact operation of their devices is only true for large diameter s-SWNT (>1.6 nm) due to
their smaller band gap [30]. Rhodium (Rh) is also found to form ohmic contacts to s-SWNTs,
but only for s-SWNTs with a diameter of more than 1.6 nm [54]. Furthermore, platinum for
instance, which also has a high work function, is not found to be as suitable as Pd: the transistors
work more like SB-CNTFETs than like OC-CNTFETs and show decreased conductivity [30]. One
possible explanation for this is given by Shan and Cho [55]. They show that it is not only the
work function which has an influence on the SBH between a metal and a s-SWNT but also the
atomic geometry: Two metals with same work function but different geometry, e.g. Pd and Pt,
lead to different SBH with SWNTs.
Another deviation from the ideal case is the fact that the band profiles have been drawn
for intrinsic SWNTs. However, SWNTs may be slightly p-doped under ambient air due to the
presence of oxygen. SWNTs are indeed found to be very sensitive to oxygen [56]. This p-
doping of SWNTs would explain why usually p-type CNTFETs are obtained under ambient air
with all kind of metals, instead of the theoretical type deduced from the band profiles, which
could also be n-type or ambipolar. On the other hand, it is possible that not SWNTs but the
contact regions are “doped”. Pd for instance is known to change its work function in a hydrogen
environment. Javey et al. have done an experiment on a Pd contacted CNTFET in which they
change the Pd work function in situ by exposing the transistor to hydrogen. Increasing H2
exposure is supposed to reduce the Pd work function and should have an influence on the SBH
and thus on the current conduction in the device. They found indeed that the conduction due
to holes decreases whereas the one of electrons increases with increased H2 exposure. This
means that the SBH has increased for holes and decreased for electrons. Such “contact doping”
could also occur on other metal interfaces in ambient air and explain the deviation between the
theoretical band profiles and the experiments. Lastly, Yamada reports on the effect of oxygen
on the Schottky barrier height of the metal/SWNT contact [57]. As a conclusion, the scientific
community agrees on the fact that oxygen plays an important role in the operation of CNTFET
whereas the mechanism of the oxygen influence remains controversial.
2.4 Carbon nanotube applications
For the last ten years, new publications have been appearing permanently on novel applica-
tions of carbon nanotubes. This chapter is not going to present an exhaustive list of all CNT-
devices already demonstrated. The aim shall only be to emphasize the unique properties of CNTs
which allows them to be used in numerous electronic devices and also in sensors. Numerous
applications are based on CNTFETs, the main topic of this PhD work, whose operation has been
described in the previous section (2.3). Other devices including sensors are only mentioned for
completeness.
MWNTs have been used in gas ionization sensors [58]. Flow velocity measurements have
been realized with a novel sensor based on bundles of SWNTs [59]. Also, the capacitance of an
SWNT network is found to change in presence of diverse chemical vapors [60]. SWNTs bundles
and networks are made up of a mixture of semiconducting and metallic ones. The uses of such
mixtures are limited.
In contrast, single semiconducting SWNTs are the most interesting carbon nanotube species
for electronic devices. They can be used as the active material in PN junctions or metal/semi-
conductor junctions. They can act as the channel in field-effect transistors (CNTFETs), which
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could replace silicon based MOSFETs in the future as the basic part in electronic circuits.
CNTFETs do not only work as conventional FETs, but may also be used as non-volatile memory
cells. In 2002, Fuhrer et al. reported on a high-mobility s-SWNT transistor used as a nonvolatile
charge-storage memory element operating at room temperature [61]. The s-SWNT is directly
used as the readout, based on the hysteresis in the transfer characteristics of the FET. The
hysteresis is the horizontal shift between the two sweeps measured respectively at Vgs increasing
and decreasing and is a typical phenomenon in CNTFETs. In chapter 5, the operation of such a
memory cell is described in more detail since the CNTFETs fabricated within this PhD have been
measured successfully as non-volatile memory as well.
Moreover, CNTFETs can work as sensors for numerous quantities. For example, Kong et al.
show that the threshold voltage of CNTFET transfer characteristics changes within an NH3 or
NO2 environment (see Fig. 2.22a) [62]. A change in the threshold voltage always corresponds
ducting metal oxides (7–9), silicon devices
(10, 11), organic materials (12, 13), and car-
bon black–polymer composites (14). Semi-
conducting metal oxides have been widely
used for NO2 and NH3 detection (7–9). These
sensors operate at high temperatures (200° to
600°C) in order to achieve enhanced chemi-
cal reactivity between molecules and the sen-
sor materials for substantial sensitivity (7).
Conducting polymers (12) and organic phtha-
locyanine semiconductors (12, 13) have also
been investigated for NO2 or NH3 sensing.
The former exhibit limited sensitivity (12),
whereas the latter tend to have very high
resistivity (sample resistance of .10 gig-
ohms) (13). In this report, we show that the
electrical resistance of individual semicon-
ducting SWNTs change by up to three orders
of magnitude within several seconds of ex-
posure to NO2 or NH3 molecules at room
temperature. Miniaturized chemical sensors
based on individual SWNTs are thus demon-
strated. Furthermore, we combine theoretical
calculations with experiments to address the
underlying fundamental question regarding
how molecular species interact with nano-
tubes and affect their electrical properties.
Semiconducting SWNTs are chiral (m, n)
tubes with m – n Þ 3 3 integer. The band gap
Eg of an S-SWNT scales with its diameter d as
Eg ; 1/d (Eg } 0.5 eV for d ; 1.4 nm) (1). It
was previously found that when two metal con-
tacts were used to connect an S-SWNT, the
metal/S-SWNT/metal system exhibits p-type
transistor characteristics with several orders of
magnitude change in conductance under vari-
ous gate voltages (6, 15, 16). Our nanotube
chemical sensors were based on these S-SWNT
transistors, obtained by controlled chemical va-
por deposition growth of individual SWNTs
from patterned catalyst islands on SiO2/Si sub-
strates (Fig. 1A) (16, 17). Gas-sensing experi-
ments were carried out by placing an S-SWNT
sample in a sealed 500-ml glass flask with
electrical feedthrough and flowing diluted NO2
[2 to 200 parts per million (ppm)] or NH3 (0.1
to 1%) in Ar or air (flow rate of 700 ml/min)
through the flask while monitoring the resis-
tance of the SWNT.
We observed that the conductance of S-
SWNT samples can be substantially increased
or decreased by exposure to NO2 or NH3. A
current versus voltage (I-V ) curve recorded with
an S-SWNT sample after a 10-min exposure to
NH3 showed an ;100-fold conductance deple-
tion (Fig. 1B). Exposure to NO2 molecules in-
crease the conductance of the SWNT sample
by about three orders of magnitude (Fig. 1C)
when the SWNT sample was initially depleted
by a back-gate voltage (Vg) of 14 V (6, 15, 16).
The SWNT is a hole-doped semiconductor, as
can be gleaned from the current versus gate
voltage (I-Vg) curve shown in Fig. 2 (middle
curve), where the conductance of the SWNT is
observed to decrease by three orders of magni-
tude under positive gate voltages (6, 15, 16).
The I-Vg curve recorded after the S-SWNT sam-
ple was exposed to NH3 exhibits a shift of 24 V
(Fig. 2, left curve). In contrast, the I-Vg curve
was shifted by 14 V after NO2 exposure (Fig. 2,
right curve). The low resistance (;360 kilohms)
of the SWNT under zero gate voltage suggests
substantial hole carriers existing in the p-type
nanotube at room temperature. Exposure to NH3
effectively shifts the valence band of the nano-
tube away from the Fermi level, resulting in
hole depletion and reduced conductance. For the
NO2 case, exposure of the initially depleted
sample to NO2 resulted in the nanotube Fermi
level shifting closer to the valence band. This
caused enriched hole carriers in the nanotube
and enhanced sample conductance. These re-
sults show that molecular gating effects are ca-
pable of shifting the Fermi level of S-SWNTs
and modulating the resistance of the sample by
orders of magnitude.
The conductance of the SWNT sample in-
creased sharply by about three orders of magni-
tude after 200 ppm of NO2 was introduced (Fig.
3A). We investigated five S-SWNT samples
and found that the response times (defined as
time duration for resistance change by one order
of magnitude) of the samples to 200 ppm of
NO2 were in the range of 2 to 10 s. The sensi-
tivity [defined as the ratio between resistance
after (Rafter) and before (Rbefore) gas exposure] is
;100 to 1000. After the NO2 flow was replaced
by pure Ar, the conductance of the SWNT
samples was observed to slowly recover, and the
typical recovery time was ;12 hours. This sug-
gest slow molecular desorption from the nano-
tube sample and that the SWNT chemical sen-
sors can be reversib y used. Heating the exposed
sample in air at 200°C led to recovery in ;1
hour. For comparison, a high-performance met-
al oxide sensor (Cd-doped SnO2) operates at
250°C for detecting 100 ppm of NO2 with a
response time of ;50 s, a recovery time of ;8
min, and a sensitivity of ;300 (8, 18). A poly-
pyrole-conducting polymer sensor can detect
0.1% NO2 by an ;10% resistance change in ;5
to 10 min at room temperature (12). Thus, the
S-SWNT sensors have the advantage of room
temperature operation with sensitivity up to 103
over these materials.
NH3-sensing results were obtained with the
same SWNT sample after recovery from NO2
detection (Fig. 3C). The conductance of the
SWNT sample was observed to decrease
;100-fold after exposure to a 1% NH3 flow.
The response times to 1% NH3 for five S-
SWNT samples were ;1 to 2 min, and the
sensitivity was ;10 to 100. For comparison,
Fig. 1. Changes of electrical characteristics of a
semiconducting SWNT in chemical environ-
ments. (A) Atomic force microscopy image of a
metal/S-SWNT/metal sample used for the ex-
periments. Nanotube diameter is ;1.8 nm. The
metal electrodes consist of 20-nm-thick Ni,
with 60-nm-thick Au on top. (B) Current versus
voltage curves recorded before and after expo-
sure to NH3. (C) Current versus voltage curves
recorded under Vg 5 14 V, before and after
NO2 exposure.
Fig. 2. Chemical gat-
ing effects to the
semiconducting SWNT.
Current versus gate
voltage curves before
NO2 (circles), after NO2
(triangles), and after
NH3 (squares) expo-
sures. The measure-
ments with NH3 and
NO2 were carried out
successively after sample
recovery.
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two-terminal on-state resistance of 90 k¿. This demonstrates
that very low contact resistance has been obtained by our
shadow mask electrode deposition technique. Over the range
of source drain voltages and gate voltages investigated, the
observed S/D current scales linearly with applied S/D
voltage, showing that the response of the FET device is in
the linear regime. A finite drain current is observed at zero
gate voltage, which may be ascribed to unintentional doping
through CVD growth of CNTs. When similar measurements
are carried out under exposure to ethanol vapor, significant
changes in FET characteristic are observed as shown in
Figure 3a. In this experiment, the threshold voltage changes
from 3 to 17 V and on-state current changes from -1.1 íA
to -0.32 íA at Vsd ) -100 mV and Vg ) -20 V. Since
measurement takes place in the linear regime, all the traces
with vapor application were also scaled well by S-D voltage.
However, the data show that the change in current caused
by the analytes also strongly depends on gate voltage. Indeed,
the S/D current can be increasing, decreasing, or nearly
constant by exposure to analytes, depending on gate voltage.
Thus as shown in Figure 3b, we examined S/D currents as
a function of gate bias. The observed current decreases at
Vg ) -20 and -5 V when vapor is applied. The current is
almost constant at Vg ) 0 V although a small dip can be
seen soon after an application of vapor. It is very interesting
to note at Vg ) 10 V that current increases from almost zero
to -0.18 íA. The behavior shown in Figure 3b is quite
consistent with the data of Figure 3a. Quantitatively, there
is a small discrepancy between the data of Figure 3a and b,
which may be ascribed to transient effects in different
measurement modes. Measurement with positive gate voltage
should be a highly sensitive mode for the sensor device. The
inset to Figure 3b shows the ratio of current (Ion/Ioff) with
and without application of alcohol as a function of gate
voltage. This figure clearly shows that Ion/Ioff increased with
increasing Vg and gets maximized at Vg ) 10 V. The data
point at Vg ) 20 V was not shown in the inset since both Ion
and Ioff are very close to the noise level and, therefore, Ion/
Ioff is not accurate.
Next, diluted vapor of ethanol is delivered to the device.
As shown in Figure 4a, the S/D current at Vsd ) -100 mV
Figure 3. (a) FET characteristics measured with and without
application of a saturated vapor of ethanol are shown in the dash
line and the solid line, respectively. The S-D voltage was swept
from 0 to -100 mV in steps of -20 mV. (b) The responses to a
saturated vapor of ethanol were measured with different gate biases
as described in the figure. The arrow indicates the time at which
alcohol is introduced. The inset shows the ratio of drain current
(Ion/Ioff) with and without application of alcohol as a function of
gate voltage.
Figure 4. (a) Observed S/D current for Vsd ) -100 mV and Vg )
-20 V and ethanol vapor with various concentration was applied
at t ) 0 s. The partial pressure of ethanol is 60, 30, 20, 14, 9, 6, 2,
and 1 mmHg from the bottom. The inset shows a device response
to ethanol as a function of a partial pressure x time, which is a
product to evaluate the total dose of ethanol. The partial pressure
is shown in the inset. (b) The magnitudes of current reduction at
t ) 80 s are plotted as a function of the partial pressure.
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(b) Alcoholic vapor sensor [63]
ing, poorly controlled factors, e.g., the presence of both
metallic and semiconducting swCNs, and tube-tube cross
junctions.
swCNs were grown by catalytic chemical vapor deposition
(CVD) on a SiO2/Si substrate. FET circuits were fabricated
with Cr/Au source and drain electrodes patterned using
electron beam lithography and the degenerately doped silicon
substrate used as a backgate (Figure 1).22 For each device,
source-drain current I was measured as a function of bias
voltage VB and gate voltage VG under ambient laboratory
conditions. Circuits consisting of individual p-type semi-
conducting nanotubes, where the carriers are positively
charged holes, were selected by using only devices that
showed a strong decrease in I(VG) for positive VG (ON/OFF
ratio exceeding 1000).
Two ss-DNA sequences were chosen based on prior work:
19,20
Oligonucleotides were obtained from Invitrogen (Carlsbad,
CA) and diluted in distilled water to make a stock solution
of 658 íg/mL (sequence (Seq) 1) or 728 íg/mL (Seq 2).
After odor responses of the bare swCN-FET device were
measured, a 500 ím diameter drop of ss-DNA solution was
applied to the device for 45 min and then dried in a nitrogen
stream. About 25 devices from two different swCN growth
runs were selected for detailed analysis and treated with ss-
DNA for the experiments described here. Statistical analysis
of atomic force microscopy (AFM) images of the same tube
before and after DNA application showed an increase in the
nominal tube diameter from 5.4 ( 0.1 to 7.2 ( 0.2 nm,
indicating formation of a nanoscale layer of ss-DNA on the
swCN surface (Figure 2a,b). For both of the sequences used,
application of ss-DNA caused the threshold value of VG for
measurable conduction to decrease by 3-4 V (Figure 2c).
This corresponds to a hole density decrease of roughly 400
ím, assuming a backgate capacitance (25 aF/ím) that is
typical for this device geometry.22 Furthermore, the “ON”
state conductivity of the ss-DNA/swCN-FET was 10%
lower than that of the bare device (Figure 2c), suggesting
weak carrier scattering by the molecular coating.
Figure 1b shows the five odors used to characterize the
sensor response: methanol, propionic acid, trimethylamine
(TMA), dinitrotoluene (DNT), and dimethyl methylphos-
phonate (DMMP; a simulant for the nerve agent sarin23).
For DNT, a liquid solution was prepared by dissolving 50
mg/mL of the material in dipropylene glycol.
A reservoir of saturated vapor of each odor was prepared
and connected to a peristaltic pump and switching valve array
so the flow of room air directed over the device (0.1 mL/s)
Figure 1. (a) Schematic of the experimental setup. (b) Gases
(odors) used in the experiment.
Sequence 1
5′ GAG TCT GTG GAG GAG GTA GTC 3′
Sequence 2
5′ CTT CTG TCT TGA TGT TTG TCA AAC 3′
Figure 2. (a, b) AFM images (1 ím  1 ím, z-range 10 nm) and
line scans of the same swCN before (a) and after (b) functional-
ization with ss-DNA. The measured diameter of the bare swCN is
5.4 ( 0.1 nm, while after application of ss-DNA its diameter is
7.2 ( 0.2 nm. The increase in surface roughness in (b) is attributed
to nonspecific binding of ss-DNA to the SiO2 substrate. (c) Current
(I) versus backgate voltage (VG) characteristic of a bare swCN-
FET sensor (blue), the same device after functionalization with ss-
DNA sequence 1 and exposed to air, the same ss-DNA/swCN-
FET exposed to TMA vapor. Source-drain bias voltage is 100 mV.
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silicon coated with 150 nm of SiO2. Titanium contacts are
fabricated by optical lithography, and a thin carbon layer
acts as a barrier to titanium diffusion into the SiO2 layer.
The devices are protected by a 10-nm SiO2 layer and
annealed at 700 °C to result in titanium carbide-contacted
NT-FETs having a mid-gap band lineup and behaving as
ambipolar field-effect transistors. The p+-doped Si wafer is
used as the back-gate of the transistor.
Optical measurements were carried out with a CW
Ti:sapphire laser that is continuously tunable between 780
nm (1.59 eV) and 980 nm (1.27 eV). The light is linearly
polarized, and the polarization angle can be controlled. The
intensity of the focused beam on the device is typically on
the order of 1 kW/cm2. Electrical measurements were
performed with an HP semiconductor analyzer (DC) or with
chopped laser light and a lock-in technique. Time traces of
the photocurrent were acquired with a digital oscilloscope.
The incident infrared light that was used excites the second
exciton state of the semiconducting nanotube (i.e., the n )
2 f n′ ) 2 (E2-2) transitio ). For SWNTs with diameters
centered around 1.3 nm, the energy of E2- is centered at
about 1.35 eV. This excited state decays to give an energetic
e-h pair at the band dge that can dif use within the channel
or drift in an applied electric field. Of course, carriers that
recombine radiatively or nonradiatively do not contribute to
the photocurrent. In our experiments, in order to reduce e-h
recombination and collect the carriers, we apply a moderate
drain voltage on the order of 1 V. Whereas Schottky barriers
limit carrier injection from the contacts into the channel, they
allow the photogenerated carriers to leave the channel and
be collected. In contrast to those in ref 23, our devices are
capped with a thin SiO2 film. Thus, we can measure true
photoconductivity and can exclude effects such as the
photodesorption of oxygen that changes the transport current
by altering the band lineup at the Schottky barriers.10,11
Figure 1a shows the drain current versus gate voltage
characteristics of a typical ambipolar device (O) and the
characteristics for the same device irradiated with 1 kW/
cm2 infrared light (9). Two general observations can be made
from this Figure. First, the “off” (i.e., dark) current is
increased by an order of magnitude upon irradiation. Second,
the gate voltage characteristics are sh fted by abou 600 mV,
effectively increasing the hole curre t and d creasing t e
electron current. Figure 1, parts b and c show time-resolved
traces of the photocurrent at -2 V and +1.5 V gate voltages,
respectively, obtained by chopping the incident infrared light.
In addition to the plateaus that correspond to the steady-
state conditions in a, current spikes are visible when the light
is turned on and off. These spikes are visible even in burnt-
u devices and do not arise from transport in th nanotube.
Instead, a photovoltage at the Si/SiO2 interface is generated
upon irradiation with infrared light with energy above the
silicon band gap.27 The capacitive coupling between the
electrodes and the silicon back-gate leads to transients
whenever there is a change in the photovoltage. More
importantly, the photovoltage at the Si/SiO2 interface is
directly responsible for the shift in the gate voltage charac-
teristics of the NT-FET. The sign of the back-gate photo-
voltage depends on the initial band bending at the Si/SiO2
interface and is thus a function of the Si doping. Because
we use a p+ silicon wafer as a back-gate, the generated
photovoltage is negative. In the following discussion, we
focus on the true photocurrent by measuring it at a gate
voltage that corresponds to the off state of the transistor.
Here, the “dark” current background and noise level are
greatly reduced and, to first order, the gate-voltage depen-
dence is flat.
Figure 2 , parts a and b show the photocurrent as a function
of photon energy for two different devices. Each of the plots
shows a clear peak that is well fitted by a single Lorentzian.
A total of about 20 devices were measured. Most of them
show a peak between 1.27 eV (the cutoff of our tunable laser)
and 1.5 eV, and some have a peak below 1.27 eV so that
we can see the current fall off only on the high-energy side
of the peak. We have not observed peaks above 1.5 eV.
About 30% of the devices have flat frequency characteristics,
and we assume that these tubes have their resonance below
1.27 eV. In a few cases, we saw two peaks in the energy
spectrum that were confirmed by SEM to stem from two
different nanotubes between the same electrodes.
Figure 2c shows a histogram of the peak positions in a
set of measured devices. We also show a Kataura plot (Figure
2d) of the energies of the first two transitions of nanotubes
with different diameters. This plot18 gives both experimental
results from ref 17 for the E1-1 and E2-2 transitions (2 and
b) in HIPCO tubes (high-pressure carbon monoxide)28 and
Figure 1. (a) Gating ch racteristics of an ambipolar NT-FET with
(9) and without (O) infrared illumination. (The drain voltage is
-0.5 V). Time traces of the current with the light chopped, taken
at gate voltages of (b) -3 V (hole conduction) and (c) +1.5 V
(electron conduction). The sign of the current spikes is independent
of gate voltage. The plateaus correspond to the data in a.
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(d) Infrared sensor [65]
Figure 2.22: Transfer characteristics of CNTFETs used in different sensor applications. (a) Gas sensor
rom [62]; (b) Alcoholi vapor e sor from [63]. Measurement in saturated vapor of ethanol
(dash line) and in air (solid line); (c) Chemical sensor from [64]. Blue transfer characteristic:
CNTFET wit bare SWNT. Red : DNA-decorated SWNT. Black one: DNA-decorated SWNT
exposed to trimethylamine (TMA) vapor; and, (d) Infrared sensor from [65]. Transfer ch r-
acteristic with circle: measurement in the dark. Characteristic with square: under infrared
illumination.
to a horizont l shift of the transfer characteristic, which can be easily detected. Someya et al.
report on the use of CNTFET as an alcoholic vapor senso (see Fig. 2.22b) [63]. Once ag in, th
threshold v ltag but lso the on-current of t transistors are found to change in an alcoholic
vapor environment. The decoration of SWNTs with DNA (deoxyribon cleic acid) to provide a
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chemical recognition site is shown to be very promising [64]. Lastly, CNTFETs have been used
to measure the chemical potential of a solution [66].
Fig. 2.22 compiles four measurements of CNTFETs used as chemical and infrared sensors: only
a horizontal shift in the transfer characteristic proves the presence or absence of the chemical
quantity to be detected. All these examples prove that s-SWNT devices are very promising.
Working on the improvement of their fabrication is an indispensable topic of research nowadays.
Detection of light based on photoconductivity as well as emission of light (photoemission) are
also possible because s-SWNTs are direct semiconductors (see subsection 2.2.4). The photocon-
ductivity of SWNTs was observed for the first time in 2001 in Japan. Fujiwara et al. reported on
the photoconductivity of an SWNT network illuminated by a pulsed laser with photon energies
between 0.5 and 2.8 eV [67]. The network is composed of a mixture of metallic and semi-
conducting tubes. In 2003, IBM researchers together with Carbon Nanotechnologies, Inc. re-
searchers reported for the first time on the photoconductivity of a single semiconducting SWNT
which acts as the channel in a field-effect transistor (see Fig. 2.22d) [65]. The transistor shows
an ambipolar behavior and exhibits different transfer characteristics under infrared illumination
or in the dark. The off-current is increased by one order of magnitude under illumination and a
quantum efficiency higher than 10% was estimated from the measurements. In the same year,
IBM researchers also observed the polarized infrared optical emission from a carbon nanotube
ambipolar field-effect transistor [68]. More recently, a paper has been published which demon-
strates the feasibility of infrared detectors based on the bolometric infrared photoresponse of
SWNTs layers [69]. The film changes its conductivity under infrared illumination due to the
heating of SWNTs layers. These detectors are very simple structures because they do not need
to be included in FET structures. However, the time response of bolometric sensors is very slow.
2.5 Conclusions and motivation for this PhD work
In this chapter, an attempt has been made to give an overview of carbon nanotubes, espe-
cially single-walled carbon nanotubes, which possess numerous promising properties like one-
dimensional form, diameter in the nanometer range, ballistic transport, sensor capability and a
metallicty which depends on their chirality. The operation of SWNT based field-effect transistors
has been summarized, based on the results published by the scientific community on these de-
vices. Indeed, the fabrication of CNTFETs have been reported several times, with different gate
configurations and materials. The uses of CNTFETs not only as basic FET but also as diverse
sensors has also been demonstrated.
However, in most cases, only single individual devices are fabricated. Data on fabrication pro-
cess suitability (e.g. time, costs), device reproducibility and reliability or yield are not available.
State-of-the-art CNTFETs are mostly only prototypes, often due to the SWNT growth method,
i.e., arc discharge or laser ablation, which are not suitable for the simultaneous fabrication of a
large number of devices (see next chapter).
Improving the knowledge of the scientific community on the feasibility of a large scale fabri-
cation of carbon nanotube devices constitutes the major motivation of this PhD work. Attendant
statistics on yield and reproducibility belong to the major goals as well. This experimental
and analytical work should be concluded by a viable statement on the eventual replacement of
MOSFETs with CNTFETs in CMOS technology in the future.
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